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ABSTRACT 


Several  alternate  approaches  have  been  investigated  for  the  structural 
verification  testing  of  future  aerospace  vehicles.  The  investigation  had  a 
two-fold  objective:  (l)  to  develop,  evaluate,  and  select  approaches  for 
fatigue  and  ultimate  strength  verification  testing  of  aerospace  structures 
experiencing  large  thermal  inputs  over  large  areas,  and  (2)  to  establish  a 
test  program  to  confirm  the  validity  of  the  selected  approaches. 

The  advantages  and  disadvantages  of  reducing  the  size  of  the  test 
article,  and  hence  the  thermal  input  required,  have  been  investigated  by 
evaluation  of  the  scaled  structural  model  approach  and  the  component 
approach.  The  approach  of  simulating  the  thermal  effects  by  mechanical 
means  has  also  been  evaluated.  Two  vehicle  configurations  have  been  studied 
to  provide  data  for  the  relative  evaluation:  a  large  Mach  3-^  vehicle 
similar  to  the  SST  and  a  smaller  Mach  12-15  hypersonic  manned  vehicle. 
Detailed  thermodynamic,  strength,  test  facility,  and  cost  data  relating  to 
individual  testing  approaches,  and  combinations  of  these  approaches,  for 
these  two  configurations  are  presented.  Costs  for  each  of  the  combination 
testing  approaches  are  developed  and  compared.  The  most  attractive  combina¬ 
tion  of  approaches  is  selected  and  a  testing  program  to  confirm  the  val  ity 
of  the  combination  is  defined. 

(Distribution  of  this  abstract  is  unlimited.) 
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SECTION  I 


INTRODUCTION 

Traditionally,  the  structural  integrity  of  military  flight  vehicles  has 
been  demonstrated  by  means  of  full-scale  structural  tests  incorporating  lab¬ 
oratory  simulation  of  the  most  critical  characteristics  of  the  vehicle 
service  environment,  as  required  in  appropriate  Military  Specifications. 

When  the  critical  characteristics  included  only  the  application  of  a  complex 
loading  system,  the  task  at  hand  was  sometimes  large  but  not  insurmountable. 
But  with  large  thermal  inputs  over  large  areas  of  the  flight  vehicle  about  to 
become  one  of  the  critical  characteristics  to  be  duplicated  in  the  laboratory, 
the  expected  test  complexity,  duration,  and  costs  dictated  the  need  for 
alternate  approaches  to  both  ultimate  and  fatigue  strength  verification 
testing,  by  which  the  thermal  requirements,  both  heating  and  cooling,  could 
be  reduced.  The  twofold  purpose  of  the  study  reported  herein  is  (l)  to 
develop,  evaluate,  and  select  such  alternate  test  approaches,  and  (2)  to 
define  a  test  program  to  confirm  the  validity  of  selected  approaches. 

The  general  purpose  of  structural  verification  tests  is  to  demonstrate 
that  the  vehicle  structure  has  the  capability  to  withstand  the  most  severe 
load  and  thermal  environment  within  the  requirements  of  the  design  specifi¬ 
cation.  The  need  for  such  testing  is  not  without  statistical  support  5 
it  has  been  shown  that  al+ hough  significant  improvements  have  been  made  in 
analytical  techniques  over  the  past  20  years,  the  number  of  major  components 
of  weapon  systems  failing  below  design  ultimate  load  in  tests  has  remained 
essentially  constant.  More  complete  data  of  this  type  are  presented  in 
Reference  1. 
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In  the  past,  due  to  subsonic  or  low  supersonic  vehicle  speed  limitations, 
a  room  temperature  environment  for  such  tests  has  been  adequately  represen¬ 
tative  of  the  vehicle  in-flight  thermal  environment,  to  within  a  small 
correction  factor  for  temperature  effects  on  moterial  allowables .  Little 
was  changed  in  tests  to  demonstrate  vehicle  fatigue  life  except  that  the  time 
duration  of  such  tests  became  disturbingly  long. 

The  advent  of  advanced  weapon  systems  utilizing  small  vehicles  of  high 
supersonic  or  hypersonic  speed  capabilities  posed  the  requirement  that  a 
portion  of  the  structural  verification  tests  must  be  conducted  when  the 
vehicle  is  subjected  to  a  severe  thermal  environment  in  order  to  simulate 
the  most  critical  structural  design  condition.  This  requirement  brought 
about  the  development  of  lamps,  capable  of  generating  high  heat  at  the 
expense  of  large  electrical  power,  and  associated  control  and  monitoring 
systems.  The  use  of  these  devices  and  controls  in  tests  proved  to  be  quite 
expensive,  raising  the  cost  cf  such  tests  by  factors  from  2-5,  depending  on 
the  temperatures  involved.  The  structural  verification  tests  performed  on 
the  ASSET  research  vehicle,  built  an^.  tested  for  USAP,  may  serve  as  an 
example.  In  steady  state  thermal  tests  in  which  no  loads  were  applied  simul¬ 
taneously  w.’  th  temperatures ,  a  maximum  surface  temperature  of  2800°F  was 
obtained;  the  vehicle  surface  area  which  was  heated  during  the  tests  was 
approximately  10  square  feet,  and  the  heat  flux  was  60  BTU/ft.  /sec.  The 
total  cost  of  this  test  program  was  approximately  one  million  dollars;  if 
similar  techniques  were  applied  to  a  vehicle  up  to  1000  times  the  surface 
area  of  ASSET,  the  resulting  costs  might  immediately  rule  out  such  a  test 
program  regardless  of  whether  the  test  could  be  performed  or  not.  It  can  be 
concluded  that  present  weapons  systems  and  those  foreseeable  through  1975 
may  not  permit  the  luxury  of  a  full-scale  structural  verification  test  at 
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mission  thermal  environments  for  three  reasons.  First,  the  total  costs  of 
the  program  would  be  prohibitively  large.  Second,  in  the  case  of  a  long  time 
fatigue  test,  there  exists  only  a  small  probability  of  successfully  completing 
such  a  test  due  to  test  apparatus  failures.  Finally,  in  all  likelihood,  the 
environment  could  not  be  properly  simulated  at  all  locations  of  the  struc¬ 
ture,  and  to  simulate  it  only  at  selected  points  or  areas  would  imply, 
inconsistent  with  the  need  for  the  test,  prior  knowledge  of  the  critical  area 
of  the  structure.  It  therefore  becomes  imperative  that  alternate  testing 
approaches  for  future  aerospace  vehicles  requiring  large  thermal  inputs  over 
large  areas  be  developed. 

It  is  realized  that  a  complete  structural  test  program  for  a  weapon 
system  includes  many  developmental  tests,  element  tests,  and  major  component 
tests  (landing  gear,  control  surfaces  and  systems,  doors,  etc.)  prior  to  the 
ultimate  or  fatigue  strength  test  of  the  airframe.  Further,  the  airframe 
tests  can  be  categorized  into  subassembly  and  system  tests,  fail-safe  tests, 
and  overall  airframe  ultimate  and  fatigue  strength  tests.  Testing  problems, 
of  the  type  described  above  are  expected  to  be  greater  for  the  overall  air¬ 
frame  ultimate  and  fatigue  strength  tests  than  the  others;  hence,  the  effort 
m  this  study  has  been  restricted  to  evaluation  of  alternate  approaches  for 
such  ultimate  and  fatigue  strength  tests. 


3 


SECTION  IT 


SUMMARY 

The  purpose  of  the  study  reported  herein  was  (l)  to  develop,  evaluate, 
and  select  approaches  for  fatigue  and  ultimate  strength  verification  testing 
of  aerospace  structures  experiencing  large  thermal  inputs  over  large  areas , 
and  (2)  to  establish  a  test  program  to  confirm  the  validity  of  the  selected 
approaches.  The  initial  phase  of  the  study  was  focused  on  the  analytical 
determination  of  the  portions  of  the  mission  thermal  environment  which  must 
be  simulated  in  the  laboratory  in  order  to  obtain  meaningful  test  results. 

The  next  phase  was  directed  to  the  analysis  of  several  alternate  testing 
approaches  and  the  selection  of  the  particular  approaches  which  best  simulate 
these  portions  of  the  thermal  environment  at  least  cost.  It  has  long  been 
recognized  that  the  simultaneous  application  of  mechanical  and  thermal  loadings 
is  difficult.  Further,  as  the  severity  of  the  thermal  environment  increases, 
the  control  requirements  become  more  exacting  and  the  test  problems  are  dis¬ 
proportionately  magnified  and  may  become  insurmountable;  therefore,  an  eval¬ 
uation  of  alternate  approaches  for  testing  of  elevated  temperature  structures 
is  required.  Such  evaluation,  subsequent  conclusions,  and  a  vest  program  to 
confirm  the  validity  of  the  selected  approaches  are  presented  in  this  report. 

To  reduce  the  problems  associated  with  the  application  of  the  thermal 
environment  in  tests,  two  possibilities  have  been  considered  in  this  study: 

(l)  reduction  of  the  physical  size  of  the  specimen  to  be  tested  by  utilizing 
either  components,  representative  of  the  prototype  structure,  or  reduced 
scale  structural  models,  and  (2)  simulation  of  some  portion  of  the  thermo- 
structural  effects  of  the  thermal  environment  by  mechanical  means.  In  the 
first  scheme,  the  surface  areas  of  the  test  specimens  to  be  heated  are 
significantly  decreased.  The  actual  magnitude  of  this  decrease  depends  on 
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the  size  of  the  selected  components  in  the  component  approach  or  on  the  scal¬ 
ing  factor  in  the  structural  model  approach.  The  maximum  temperature  levels 
to  be  imposed  on  the  specimens  remain  essentially  the  same  as  in  the  prototype 
mission  thermal  environment  but  the  overall  power  requirements  are  reduced. 

In  the  second  scheme,  mechanical  simulation  of  thermo-structural  effects  per¬ 
mits  a  lowering  of  the  test  temperature  levels  below  those  of  the  mission 
thermal  environment,  thus  again  decreasing  the  overall  power  requirements. 

Each  of  these  schemes  has  been  considered  as  a  basic  approach  in  the  '.tydy. 
Including  the  approach  of  full-scale  complete  vehicle,  a  total  of  four  basic 
approaches  has  been  investigated: 

(1)  Full-Scale  Complete  Vehicle  Testing 

(2)  Model  Testing 

(3)  Component  Testing 

( U )  Mechanical  Simulation  of  Thermal  Effects 

As  indicated  in  Section  IV,  it  has  been  assumed  that  the  testing  to  be 
considered  would  include  only  the  final  overall  strength  verification  testing 
of  the  complete  structure,  either  in  fatigue  or  ultimate  strength,  and  not  the 
many  elemental,  developmental,  and  functional  tests  performed  during  the 
vehicle  design,  nor  the  many  system  tests,  i.e.,  actuators,  control  surfaces, 
pressure  bottle  tests,  etc.,  normally  associated  with  vehicle  approval  or 
certification.  Also,  in  this  report,  tne  complete  vehicle  test  does  not  refer 
to  a  single  test,  nor  is  it  assumed  that  such  a  single  test  at  one  time  can 
substantiate  the  vehicle  strength.  It  is  recognized  that  in  the  case  of 
ultimate  strength  testing,  a  sizable  number  of  critical  conditions  must  be 
applied  to  the  vehicle  structure  to  fully  substantiate  its  strength,  and 
although  several  conditions  can  sometimes  be  applied  simultaneously,  some  of  the 
remainder  must  be  applied  separately.  It  is  this  whole  group  of  tests  which  are 
referred  to  as  the  complete  vehicle  test. 
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In  order  to  form  a  base  for  a  quantitative  evaluation  of  approaches,  the 
changes  in  the  vehicle  test  thermal  environment  and  the  companion  changes  in 
material  property  degradation,  creep  effects,  thermal  stresses,  etc.,  caused 
by  the  use  of  each  of  these  basic  approaches  were  first  determined.  Next,  the 
effect  of  each  of  these  changes  on  vehicle  ultimate  and  fatigue  strength  was 
determined  to  ascertain  any  special  provisions  that  must  be  made  in  the  per¬ 
formance  of  tests  co  obtain  satisfactory  results.  Finally,  test  facility  require¬ 
ments  and  test  costs  were  determined.  The  results  are  presented  in  this  report. 

Two  hypothetical  vehicles,  intended  to  represent  the  two  extremes  of 
elevated  temperature  testing  problems  were  selected  for  analysis:  one,  a 
large,  transport  type,  Mach  3-^  vehicle  similar  to  a  version  of  the  SST  (Super¬ 
sonic  Transport),  for  which  peak  temperatures  are  not  excessive  but  where  the 
si ze  alone  introduces  facility  problems ;  and  the  other ,  a  smaller ,  Mach-  12-15 
vehicle  for  which  local  heating  rates  and  temperatures  rather  than  vehicle  size 
constitute  the  critical,  test  parameters.  These  two  vehicles  were  selected  in 
order  to  study  two  limits  of  facility  problems:  (l)  the  application  of  relatively 
moderate  temperatures  and  heat  fluxes  over  large  areas,  creating  total  power  and 
power  control  problems,  and  (2)  the  application  of  high  local  heating  rates  with 
high  temperatures  over  relatively  small  total  areas.  Verification  testing 
approaches  to  both  fatigue  and  ultimate  strength  were  evaluated  for  the  Mach  3-^ 
vehicle;  however,  only  ultimate  strength  verification  testing  approaches  have 
been  evaluated  for  the  Mach  12-15  vehicle  because  of  the  latter's  relatively 
short  assumed  design  life.  For  each  vehicle,  the  configuration,  mission  speed- 
altitude  profiles,  local  structural  details,  and  surface  temperature  histories 
were  defined  to  permit  detailed  analysis.  The  vehicle  descriptions  are  pre¬ 
sented  in  Section  V. 

The  four  basic  approaches  previously  described  for  ultimate  strength  and 
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fatigue  testing  of  the  Mach  3-H  vehicle  and  the  ultimate  strength  testing  of 
the  Mach  12-15  vehicle  were  individually  considered.  Ultimate  strength  is 
discussed  in  Section  VI,  and  fatigue  strength  is  discussed  in  Section  VII. 

For  each  basic  approach,  an  engineering  analysis,  test  facility  analysis,  and 
cost  analysis  have  been  performed.  In  the  engineering  analysis,  temperature 
and  thermal  stress  data  were  determined  to  assess  the  quantitative  effects  of 
pertinent  parameters  such  as  emissivity,  interface  conductance,  structural  and 
thermal  boundary  conditions,  etc.  To  date,  only  qualitative  evaluations  of 
these  parameters  have  been  reported  in  the  literature. 

The  objective  of  the  test  facility  analysis  was  to  establish  the  test 
equipment  required  for  the  basic  approaches  and  to  evaluate  the  test  problems 
likely  to  be  encountered.  A  cost  estimation  was  also  performed  for  each  basic 
approach  with  the  primary  objective  of  determining  their  relative  costs.  The 
major  areas  considered  were  (l)  engineering  design  costs  of  the  test  specimen; 
(2)  manufacturing  costs  of  the  test  specimen,  including  tooling;  and  (3)  testing 
costs,  including  jig  design  and  fabrication,  test  equipment  and  material,  and 
test  performance,  with  the  effects  of  down  time.  It  should  be  noted  that  the 
costs  estimates  were  derived  from  what  are  believed  to  be  reasonably  represent¬ 
ative,  typical  data;  however,  they  should  be  considered  as  gross,  first  level 
approximations  to  actual  costs.  The  relative  cost  estimates  have  greater 
accuracy  than  any  single  absolute  cost. 

An  evaluation  of  each  basic  approach  led  to  the  conclusion  that  not  all 
of  these  approaches,  applied  individually,  would  satisfy  the  requirements  of  a 
meaningful  vehicle  strength  verification  test  program.  Accordingly,  combina¬ 
tion  approaches  were  then  developed.  These  are  considered  in  Section  VIII. 

A  combination  approach  is  an  approach  in  which  one  or  more  of  the  several  test 
types  (full-scale  complete  vehicle  test,  structural  model  tests,  full-scale 


7 


component  tests,  or  mechanical  simulation  tests)  is  performed  in  one  or  more 
of  the  thermal  environments  (room  temperature,  constant  elevated  temperature, 
or  mission  temperature). 

The  full-scale  complete  vehicle  test  at  mission  temperatures  was  chosen 
as  the  basis  for  comparison  of  the  technical  merit  of  combination  approaches; 
if  it  were  not  for  test  costs,  time,  and  complications,  this  approach  would  be 
the  piime  candidate  for  testing.  Combination  testing  approaches  should  have 
comparable  test  technical  merit  and  should  be  obtainable  at  smaller  costs,  or 
in  shorter  time,  or  with  less  test  complications. 

The  combination  approaches  for  ultimate  strength  testing  of  both  vehicles 
have  been  ranked  by  their  respective  costs;  the  combination  approaches  for 
fatigue  testing  of  the  Mach  3-1*  vehicle  have  been  ranked  by  their  respective 
products  of  cost  and  elapsed  time.  These  costs  and  cost-time  products  have 
been  normalized  to  the  values  for  the  complete  vehicle  mission  temperature 
test;  reciprocals  of  these  normalized  values  are  termed  the  cost  effective¬ 
ness  and  cost-time  effectiveness  factors  for  ultimate  and  fatigue  strengths, 
respectively.  The  combination  approaches  found  to  have  the  highest  effective¬ 
ness  factors  have  been  determined  in  Section  VIII.  They  are  presented,  along 
with  other  conclusions  of  this  study,  in  Section  III. 

The  test  facility  at  Wright-Patterson  Air  Force  Base  (WPAFB)  has  been 
used  as  a  model  for  capacity  and  capability  purposes  to  represent  a  typical 
existing  large  facility.  Figure  1  indicates  the  limitations  of  that  facility 
as  a  function  of  vehicle  descriptors.  It  may  be  seen  that  the  limitations  of 
control  equipment  are  more  restricting  than  the  limitations  of  building  size 
or  gross  available  power.  These  conclusions,  obtained  from  the  analyses  pre¬ 
sented  in  Sections  VI  and  VII,  are  presented  in  Section  III. 
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Test  Vehicle  Planform  Area  -  1000  ft. 
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Figure  1  -  Comparison  of  Study  Vehicle  Parameters 
and  Test  Facility  Capabilities 

V. 


9 


The  final  goal  of  the  study  was  the  definition  of  a  test  program  to 
confirm  the  validity  of  the  selected  approaches;  this  program  is  described 
in  Section  IX.  Each  of  the  selected  approaches  utilizes  either  a  full-scale 
complete  vehicle  or  an  appropriate  number  of  components,  tested  at  room  tem¬ 
perature  or  constant  elevated  temperatures  to  locate  critical  areas,  followed 
by  one  or  more  components  tested  at  mission  temperature  to  determine  the  vehicle 
actual  mission  strength.  As  determined  in  Section  VI,  combination  approaches 
using  models  had  higher  costs,  basically  because  of  the  cost  of  tooling  for 
test  specimen  fabrication. 

The  use  of  components  does  not  require  substantiation  or  confirmation; 
an  awareness  of  the  potential  problems  associated  with  components  will  usually 
lead  to  a  satisfactory  design  and  test.  However,  the  correctness  of  the  hypoth¬ 
esis  that  vehicles  in  constant  temperature  tests,  whether  at  room  or  elevated 
temperature,  will  fail  in  the  same  areas,  if  not  necessarily  at  the  same  load 
or  life  as  in  the  mission  profile  temperature  test,  does  require  confirmation. 

A  proposed  test  program,  designed  to  evaluate  the  above  hypothesis,  has  been 
formulated  and  is  presented  in  Section  IX. 

Another  possible  approach  is  the  utilization  of  a  flight  test  program  for 
the  substantiation  of  the  structural  integrity  of  the  vehicle.  This  approach 
would  appear  particularly  applicable  to  fatigue  strength  evaluation  of  an 
aircraft,  provided  the  timing  of  the  program  could  be  worked  out  satisfactorily. 
The  flight  test  approach  has  the  advantage  of  accumulating  fatigue  loadings 
in  the  true  mission  environment.  It  has  been,  however,  considered  outside  the 
scope  of  the  study  and  no  detailed  analyses  pertaining  to  it  have  been  performed. 
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SECTION  III 


CONCLUSIONS 

The  conclusions  of  this  study  are  based  upon  engineering,  test 
facility,  and  cost  analyses  of  several  alternate  approaches  to  fatigue 
and  ultimate  strength  verification  testing  of  supersonic  vehicles  re¬ 
quiring  large  thermal  inputs  over  large  areas.  The  structures  of  two 
vehicle.  (Section  V)  were  considered,  with  appropriate  mission  profiles 
and  environments.  Three  types  of  conclusions  have  been  reached:  (l) 
conclusions  pertaining  to  the  technical  validity,  manufacturing  problems, 
or  testing  difficulties  of  the  various  basic  approaches  (complete  vehicles, 
models,  components,  mechanical  simulation);  (2)  conclusions  pertaining  to 
the  selection  of  suitable  combinations  of  the  above  basic  approaches  for 
structural  verification  test  programs;  and  (3)  conclusions  of  a  general 
overall  nature,  pertaining  to  the  effects  of  mechanical  and  thermal  load¬ 
ings  on  the  vehicle  ultimate  or  fatigue  strength.  These  three  types  of 
conclusions  are  presented  in  the  following  paragraphs. 

1.  Conclusions  Pertaining  to  Basic  Approaches 
1.1  Complete  Vehicle  Testing 

(a)  For  a  test  of  a  complete  vehicle  at  mission  profile  tempera¬ 
tures  of  both  vehicles  studied,  heating  requirements,  either 
BTU/ft  /hr  or  ETU/hr,  are  not  a  serious  problem.  Data  and  dis¬ 
cussion  are  presented  in  Section  VI. 1.2.1,  1.2.2,  2.2.1,  and 
2.2.2.  The  real  heating  problems  are  associated  with  equip¬ 
ment  reliability,  the  possibility  of  producing  some  serious. 
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unwanted,  unforeseen  thermal  effect,  and  the  difficulty  of 
controlling  temperatures  in  many  locations  over  large  areas. 

(b)  Cooling  requirements  are  much  more  critical  than  heating 
requirements;  this  is  especially  true  for  vehicles  requiring 
large  cooling  rates  at  moderate  temperatures  where  radiation 
is  not  significant.  See  Section  VI. 1.2. 2. 

1.2  Structural  Model  Testing 

(c)  As  described  in  Section  VI. 1.3.1,  fabrication  feasibility 
dictates  that,  for  practical  reasons,  only  scale  factors  of 
1/U ,  1/2,  or  3/**  be  considered,  with  1/2  appearing  most 
usable.  Other  scale  factors  would  require  a  greater  use  of 
non-standard  hardware  or  larger  deviations  from  scaled  geometry. 

(d)  As  an  extension  of  (b)  above,  cooling  requirements  for  a  parti¬ 
cular  vehicle  may  limit  the  extent  of  scaling  possible,  since 
heating  and  cooling  rates  vary  inversely  with  scale  factor,  i.e., 
a  scale  factor  of  1/2  requires  that  the  cooling  rate  be  in¬ 
creased  by  a  factor  of  2. 

(e)  Of  all  the  thermal  parameters  known  to  be  not  scalable  (radiation, 
interface  conductance,  etc.),  ~:.e  non-scalability  of  radiation 
has  the  greatest  effect  for  the  structures  considered.  The 
comparative  effects  of  these  parameters  are  discussed  in  Sections 
VI. 1.2.1  and  1.3.1. 

(f)  Thermal  stresses  in  models  where  test  time  has  been  scaled 
for  conductive  heat  transfer  tend  to  be  greater  than  in  full- 
scale  structures  due  to  the  effects  of  internal  radiation 
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which  dictate  a  different  test  time  scale  factor.  See  Section 


IV. 1.3.1. 

(g)  It  has  been  demonstrated  that  thermal  stresses  in  a  model  can 
be  more  closely  duplicated  through  use  of  an  intermediate  time 
scale  factor  with  a  value  between  the  values  dictated  by  con¬ 
ductive  and  radiative  heat  transfer  modes,  as  shown  in  Section 
VI. 1.3.1. 

(h)  Structural  models  appear  satisfactory  for  ultimate  strength 
verification  where  the  degree  of  thermal  stress  simulation  has 
a  relatively  minor  effect  on  test  results,  as  described  in 
Section  VI. 1.3.1. 

(i)  Serious  drawbacks  to  the  model  approach  include:  (l)  the  high 
cost  of  tooling  for,  and  the  fabrication  of  a  satisfactory 
structural  model,  as  discussed  in  Section  VI. 1.3. 3;  (2)  the 
engineering  effort  required  to  complete  model  drawings,  dis¬ 
cussed  in  Section  VI. 1.3.1;  and  (3)  the  difficulty  of  producing 
and  monitoring  the  thermal  environment  inside  a  reduced  size 
model  due  to  limited  available  space,  discussed  in  Section 

VI. 1.3. 2. 

(j)  Structural  models  are  potentially  less  satisfactory  for  fatigue 
strength  verification  than  for  ultimate  strength  verification 
due  to  the  greater  sensitivity  of  fatigue  life  to  small  stress 
changes.  See  Sections  VII. 2.1  and  3.1.  For  this  reason,  it  has 
been  concluded  that  actual  fatigue  life  of  the  prototype  vehicle 
cannot  be  reliably  determined  by  model  tests  alone. 
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1.3  Components 

(k)  Components  for  elevated  temperature  testing  may  become  larger 
than  for  room  temperature  testing  because  of  the  additional 
structure  required  to  provide  suitable  thermal  boundary  condi¬ 
tions,  as  described  in  Section  VI. 1.4.1.  Therefore,  little  is 
saved  in  cost  of  test  specimen  fabrication  using  the  component 
approach  in  elevated  temperature  testing,  as  compared  to  com¬ 
plete  vehicle  testing.  The  reduction  of  heating  requirements, 
the  reduction  in  required  physical  size  of  the  test  facility, 
and  the  capability  to  use  more  than  one  facility  at  a  time  are 
the  significant  advantages  of  the  component  approach. 

(l)  The  effect  of  internal  radiation  within  a  component  will  generally 
result  in  thermal  gradients  larger  than  those  of  the  prototype. 

See  Section  VI. 1.4.1. 

(m)  Similar  to  (l)  above,  the  maximum  thermal  stresses  developed 
within  a  component  may  become  larger  than  in  the  prototype 
because  of  the  larger  temperature  gradients. 

1.4  Simulation  of  Thermal  Effects  by  Mechanical  Means 

(n)  Meaningful  simulation  of  thermal  effects  by  mechanical  means  in 
a  fatigue  test  requires  knowledge  not  only  of  the  most  critical 
cross  section,  but  also  of  the  location  of  the  potential  failure 
in  the  cross  section.  Knowledge  of  the  latter  is  required  to 
calculate  what  changes  in  mechanical  loading  will  simulate  the 
thermal  environment  effects  at  that  point.  Such  prior  know¬ 
ledge  is  usually  not  availabl'-  if  it  were,  it  is  problematical 
whether  a  test  would  be  necessary;  hence,  the  usefulness  of  the 
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mechanical  simulation  approach  appears  limited.  Additional 
discussion  is  presented  in  Section  VI.2.5.1. 

(o)  An  overall  increase  in  applied  loads  to  account  for  thermal 
effects  on  mechanical  properties  appears  the  most  practicable 
use  of  the  mechanical  simulation  approach.  See  Section  VI.2.5.1. 

2 .  Conclusions  Pertaining  to  Selection  of  Combination  Approaches 

2 . 1  Ultimate  Strength  Verification  -  Mach  3-4  Vehicle 

(a)  Of  the  developed  combination  approaches,  all  of  which  have  com¬ 
parable  technical  merit,  the  least  expensive  combination  approach 
(and  therefore  by  the  definitions  of  this  study  has  the  highest 
cost  effectiveness)  is  the  one  in  which  a  complete  vehicle  is 
tested  at  room  temperature  to  locate  the  critical  areas ,  followed 
by  a  test,  at  mission  profile  temperatures,  of  a  small  component 
containing  the  section  which  failed  in  the  complete  vehicle  room 
temperature  test,  to  establish  the  ultimate  strength  level  under 
mission  temperatures.  This  is  the  selected  approach  for  the 
ultimate  strength  verification  of  the  Mach  3-4  vehicle.  See 
Section  VIII. 4. 

(b)  The  basic  approach  using  one  complete  vehicle  at  mission  profile 
temperatures  has  approximately  the  same  rating  factor  as  the 
selected  combination  approach  for  ultimate  strength  testing  of 
the  Mach  3-4  vehicle  described  in  (a)  above.  See  Section  VIII. 4. 

(c)  The  costs  of  technically  satisfactory  approaches  utilizing 
structural  models  are  the  largest  of  all  approaches  considex-ed 
due  to  additional  engineering  design,  monitoring  and  tooling 


15 


costs,  as  shown  in  Section  VIII. 

(d)  Tooling  costs  for  the  model  fabrication  are  the  largest  single 
item  in  model  testing  costs.  See  Section  VIII J4. 

2.2  Ultimate  Strength  Verification  -  Mach  12-1$  Vehicle  -  The  con¬ 
clusions  obtained  for  the  ultimate  strength  verification  of  the  Mach  12-1^ 
vehicle  are  identical  to  the  four  conclusions  pertaining  to  the  selection 
of  approaches  for  the  ultimate  strength  verification  of  the  Mach  3-1*  vehi¬ 
cle  and  are  not  repeated  here.  It  is  then  appropriate  to  conclude  that 
these  same  conclusions  apply  to  ultimate  strength  testing  of  a  great 
variety  of  vehic'  *3  in  the  range  of  the  two  studied. 

2.3  Fatigue  Strength  Verification  -  Mach  3-1*  Vehicle 

(e)  The  selected  combination  approach  is  that  which  utilizes  six  large 
components  (sufficient  in  size  to  survey  the  fatigue  strength  of 
the  entire  vehicle),  tested  at  room  temperature  to  locate  fatigue 
critical  areas,  followed  by  two  large  components  tested  at  mission 
profile  temperatures  to  determine  actual  vehicle  mission  fatigue 
life.  See  Section  VIII. 4. 

(f)  Tne  combination  approach  utilizing  one  complete  vehicle  tested 
at  room  temperature  to  locate  critical  areas,  followed  by  two 
large  components  tested  at  mission  profile  temperatures  to 
determine  fatigue  life  has  approximately  the  same  rating  as  the 
selected  combination  approach  described  in  conclusion  (e)  above. 

It  is  described  in  Section  VIII. 

(g)  The  combination  approach  using  one  complete  vehicle  at  mission 
profile  temperatures  has  the  lowest  rating  and  therefore  the  least 
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attractive  synthesis  of  cost  and  test  performance  time 
for  fatigue  testing  of  the  Mach  3-k  vehicle,  as  discussed  in 
Section  VIII. 4. 

(h)  The  costs  of  combination  approaches  using  a  half-scale  com¬ 
plete  vehicle  are  approximately  the  same  as  the  costs  for  a 
full-scale  complete  vehicle  test  at  mission  profile  tempera¬ 
tures,  as  shown  in  Section  VIII  4. 

3.  Conclusions  of  a  General  Nature 

The  depth  of  the  study  does  not  allow  for  complete  substantiation  of 
the  following  general  conclusions;  they  should  be  considered  judgements 
based  on  limited  information  obtained  in  the  study,  which  were  insuffi¬ 
cient  to  assure  complete  applicability  to  all  situations,  and  therefore 
may  be  more  properly  termed  conjectures. 

(a)  For  vehicles  designed  for  long  fatigue  life,  such  as  the  Mach 
3-^  vehicle,  analysis  indicates  that  creep  is  not  of  major 
significance  and  hence  its  simulation  is  of  secondary  impor¬ 
tance.  See  Section  VII. 2. 1.2. 

(b)  Thermal  stresses  of  the  magnitudes  considered  in  this  study 
are  not  of  significant  importance  for  fatigue  life  simulation, 
if  only  flight  loads  are  applied  to  the  test  article.  However, 
if  the  ground-air-ground  cycle  is  included  in  the  testing 
program  (as  it  should),  the  thermal  stress  simulation  becomes 
much  more  important  and  may  reduce  the  expected  life  by  a 
factor  of  2  to  5.  Pertinent  data  are  presented  in  Section 
VII. 2. 1.2. 


17 


£ 


I: 


I:: 


i 

•i 

; 

f 

4 


I 


f- 


I 


(c)  For  the  vehicles  considered,  thermal  stresses  are  not  important 
for  ultimate  strength  verification  of  structural  elements  with 
compact,  stable  cross  sections.  See  Section  VI. 2. 2.1. 

(d)  Analysis  presented  in  Section  VII. 2. 1.2  has  shown  that  ground- 
air-ground  cyc.les  are  of  significant  importance  in  the  fatigue 
life  of  the  Mach  3-**  vehicle,  and  they  may  reduce  the  expected 
test  fatigue  life  in  certain  areas  of  the  vehicle  by  a  factor 
of  as  much  as  10.  The  method  of  analysis  used  to  compute  such 
a  life  reduction  correlates  well  with  spectrum  fatigue  test 
results  reported  in  the  literature. 

(e)  If  ground-air-ground  cycles  were  omitted  from  the  fatigue  test 
program  for  reasons  of  test  complexity,  attempts  to  include  or 
simulate  thermal  stresses  may  also  be  omitted  or  greatly  simpli¬ 
fied,  since  the  effects  of  thermal  stresses  on  fatigue  life 
without  the  application  of  ground-air-ground  cycles  are  much 
smaller  than  their  synergistic  effect  with  the  ground-air- 
ground  cycles.  Also,  attempts  to  produce  creep  may  be  omitted 
because  its  effects  on  fatigue  life  are  very  small  in  comparison 
to  the  effects  caused  by  the  ground-air-ground  cycle.  The 
relative  effect  on  fatigue  life  of  each  of  these  parameters  is 
discussed  in  Section  VII. 2. 1.2. 
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SECTION  IV 


ASSUMPTIONS,  PARAMETERS,  AND  APPROACHES 

This  section  defines  the  assumptions  and  parameters  on  which  the  study 
was  based,  and  discusses  the  approach*  .  .onsidered.  The  results  of  the  study 
are  directly  applicable  only  to  the  ,ee  „ing  of  the  vehicles  described  in 
Section  V.  Their  applicability  to  the  testing  of  other  vehicles  can  be  best 
determined  by  an  appraisal  of  the  conformance  of  the  geometry,  construction, 
and  mission  profile  of  the  vehicle  in  question  to  the  descriptions  of 
Section  V,  summarized  in  Subsection  1.1,  and  the  general  validity  of  the 
other  assumptions,  parameters,  and  approaches  presented  to  the  vehicle  in 
question. 

1.  Assumptions 

The  primary  objective  of  this  study  was  to  develop,  evaluate,  and  select 
approaches  for  the  fatigue  and  ultimate  strength  testing  of  aerospace  struc¬ 
tures.  Accordingly,  a  set  of  assumptions  was  established  to  limit  the  scope 
of  the  analysis  to  permit  greater  concentration  on  the  more  pertinent  areas, 
resulting  in  a  quantitative  evaluation  of  the  approaches  and  a  degree  of 
specificity  in  the  technical  analysis.  The  other  possibility  would  have 
been  a  broad  brush  qualitative  attempt  to  cover  the  entire  field  of  structural 
testing  without  any  quantitative  investigation.  If  this  had  been  attempted, 
it  is  felt  that  the  importance  of  some  of  the  parameters  considered  could  not 
have  been  adequately  estimated.. 

1.1  Vehicle  Definition  and  Testing  Assumptions  -  The  following  assump¬ 
tions  were  made  with  regard  to  the  vehicle  type  and  scope  of  Resting  to  be 
considered.  A  more  complete  vehicle  description  and  mission  definition  is 
presented  in  Section  V. 
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(a)  Two  vehicles  would  be  considered  to  evaluate  the  applicability  of 
the  various  approaches  to  be  studied;  briefly,  they  are: 

1.  A  relatively  large,  manned  vehicle,  planform  area  of  approxi¬ 
mately  6,000  square  feet,  whose  spee  -altitude  regime  and  mission 
definition  are  somewhat  similar  to  the  Supersonic  Transport  - 
Mach  3-^  at  80,000  feet,  a  design  service  life  of  20,000 
missions  and  a  maximum  airframe  temperature  of  600°F.  Criteria 
developed  for  this  vehicle  would  be  applicable  to  other  struc¬ 
tures  where  the  total  vehicle  area  to  be  thermally  controlled 
during  ultimate  or  fatigue  testing  would  be  of  principal  concern. 
The  number  of  controllers  required  and  the  companion  control 
difficulties  create  the  fundamental  test  problem  for  this 
vehicle. 

2.  A  small  manned  vehicle  with  planform  area  of  approximately 
350  square  feet  with  a  maximum  airframe  temperature  of  l600°F 
(Mach  12-15  at  lh0,000  feet).  For  testing  of  this  vehicle  the 
complications  of  applying  both  high  thermal  loads  and  mechanical 
loads  simultaneously  are  of  principal  concern. 

(b)  Testing  criteria  applicable  through  the  year  1975  would  be  considered 
hence  it  has  been  assumed  that  fatigue  life  verification  testing 

of  Mach  12-15  vehicles  will  not  be  a  requirement  in  this  time  peri¬ 
od.  Such  a  vehicle  has  been  assumed  to  be  an  advanced  research 
vehicle,  designed  for  a  relatively  short  service  life  (less  than 
1000  flight  hours),  so  only  ultimate  strength  verification  is 
believed  to  be  appropriate  for  this  vehicle.  However,  for  the 
Mach  3-h  vehicle,  both  fatigue  and  ultimate  strength  verification 
would  be  considered. 
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(c)  The  testing  to  be  considered  has  been  assumed  to  include  only  the 
final  overall  strength  verification  of  the  complete  structure  in 
fatigue  and/or  ultimate  strength  as  described  previously,  and  not  the 
many  elemental,  developmental,  and  functional  tests  performed  during 
the  vehicle  design  phase,  nor  the  many  system  tests,  i.e.,  actua¬ 
tors,  control  surfaces,  pressure  bottle  tests,  etc.,  normally 
associated  with  vehicle  approval  or  certification. 

(d)  The  testing  to  be  considered  would  include  only  versions  of  labora¬ 
tory  testing  and  not  any  flight  test  program  which,  although 
potentially  very  useful  for  the  vehicles  considered,  does  not 
involve  laboratory  heating  problems. 

(e)  It  should  be  noted  that,  in  the  context  of  this  report,  the  complete 
vehicle  test  program  does  not  imply  or  assume  a  single  test;  nor  is 
it  assumed  that  such  a  single  test  can  substantiate  the  strength 

of  a  complete  vehicle  in  any  meaningful  manner.  For  instance,  it 
is  recognized  that  in  the  case  of  ultimate  strength  testing,  a 
sizable  number  of  critical  conditions  must  be  applied  to  the  vehicle 
structure  and  although  several  conditions  can  sometimes  be  applied 
simultaneously,  some  of  the  remainder  must  be  applied  separately. 

It  is  this  whole  group  of  tests  -  all  those  which  would  normally  be 
applied  to  the  complete  structure  -  which  are  taken  to  be,  and  are 
referred  to  as,  the  complete  vehicle  test.  The  exact  definition  of 
these  tests  and  their  sequence  of  application  requires  a  much  more 
detailed  investigation  of  critical  conditions  for  the  vehicle  in 
question,  a  more  complete  structural  description,  and  a  detailed 
evaluation  of  the  specification  requirements  for  the  vehicle  to  be 
tested  -  all  of  which  are  considered  outside  the  scope  of  the  study. 
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1.2 


Assumed  Testing  Facility  Available 


(a)  The  test  facility  at  WPAFB  has  been  used  as  a  model  to  represent 
the  capacity  and  capability  of  a  typical  existing  large  facility. 

As  reported  in  Reference  2 ,  the  building  has  a  clear  floor  area 
180  feet  by  250  feet  and  included  among  its  many  and  varied  support 
equipage  are  a  radiant  heating  capability  of  almost  50  million 
watts  for  short  time  duration  or  18  million  watts  of  radiant  heat¬ 
ing  on  a  continuing  basis,  a  multiple  channel  programmed  loading 
capability,  and  an  extensive  data  collection  and  processing  system. 
In  addition,  this  facility  has  80  power  control  channels  rated  at 
580  KW  with  1»0  channels  being  capable  of  division  into  550  subchan¬ 
nels  at  25  KW  and  210  subchannels  at  50  KW.  These  channels  can  be 
used  for  integrated  heating  and  cooling  control  with  only  minor 
adaptation.  In  addition,  86  control  channels  are  available  for  load 
control. 

(b)  For  costing  purposes  in  this  study,  it  has  been  assumed  that  the 
fixed  plant  characteristics  of  this  assumed  facility  such  as  enclo¬ 
sure  size,  floor  and  wall  strength,  control  monitors,  etc.  are 
either  available  or  acquirable  and  are  adequate  to  perform  the 
required  testing;  hence,  they  were  not  included  in  test  cost  esti¬ 
mates  presented  in  Sections  VI  and  VII. 

(c)  Expendable  items,  such  as  lamps,  strain  gages,  thermocouples,  and 
hardware  designed  specifically  for  the  vehicle  to  be  tested,  such 
as  whiff letrees,  loading  beams,  etc.  are  all  included  in  the  final 
cost  estimate. 
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1.3  Assumed  Engineering  Effort  -  The  following  assumptions  have  been 


made  with  regard  to  the  engineering  effort  required  to  support  the  test  pro¬ 
grams  considered: 

(a)  A  complete  set  of  engineering  drawings  of  the  prototype  vehicle  would 
be  available,  so  no  further  engii  Bering  effort  would  be  required  in 
that  area. 

(b)  All  components  must  be  designed,  component  quantities  defined,  com¬ 
ponent  boundaries  determined,  edgings  designed,  thermodynamic  and 
stress  analysis  performed,  etc. 

(c)  All  testing  structures  and  jig  hardware  must  be  designed. 

(d)  For  the  modeling  approach,  the  required  engineering  effort  would 
include  engineering  design  of  the  half-scale  specimen. 

(e)  An  appropriate  amount  of  data  reduction  would  be  required  for  all 
approaches . 

(f)  All  lamp  arrangements,  requirements,  and  controls  must  be  completely 
engineered. 

1. 1*  Assumed  Manufacturing  Effort 

(a)  All  test  specimens,  regardless  of  the  approach  considered,  must  be 
manufactured  as  part  of  the  test  program  and  the  associated  costs 
included. 

(b)  Tooling  for  the  half-scale  model  must  be  fabricated. 

(c)  Tooling  developed  for  the  full-scale  complete  vehicle  is  available 
for  component  fabrication. 

2.  Parameters 

The  parameters  which  affect  the  vehicle  ultimate  and  fatigue  strength  in 
laboratory  tests  may  be  grouped  under  the  headings  of  mission  parameters  and 
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laboratory  parameters.  The  mission  parameters  are  those  associated  with  the 
anticipated  usage  of  the  structure,  such  as  load  and  thermal  environment, 
corrosive  environment,  etc.,  while  laboratory  parameters  are  those  resulting 
from  the  manner  and  means  of  simulating  the  vehicle  mission  environment  in  the 
laboratory,  such  as  factors  affecting  accuracy  of  load  and  thermal  control, 
etc.  The  total  number  of  these  two  groups  of  parameters  is  large  for  a  struc¬ 
ture  operating  near  room  temperature ,  but  increases  sharply  for  structures 
experiencing  a  broader  thermal  environment. 

A  further  increase  in  the  number  of  parameters  occurs  when  verification 
testing  is  performed  using  components  or  models.  In  both  cases,  the  desire 
is  to  test  a  specimen  identical  in  performance  with  the  prototype;  this  may 
require  a  change  in  a  physical  characteristic  of  the  test  specimen  from  that 
ordinarily  obtained  without  special  attention.  For  example,  if  structural 
models  are  to  be  used,  it  can  be  shown  that  the  desired  surface  emissivities 
to  create  the  correct  thermal  gradients  in  a  half-scale  model  are  twice  those 
of  the  full-scale  prototype,  as  discussed  in  Section  VI.  Controlling  the 
value  of  such  a  parameter  in  the  test  article  is  difficult,  but  doubling  the 
value  could  be  impossible. 

The  following  parameters  of  both  types  have  been  considered  in  the  evalu¬ 
ation  of  various  testing  approaches  in  this  study: 

(a)  Creep  effects 

lb)  Strain  rate  (load  frequency) 

(c)  Load  spectrum 

(d)  Load  randomization 

(e)  Ground-air-ground  cycle 

(f)  Material  degradation  caused  by  temperature 

(g)  Metallurgical  changes 


(h)  Corrosion 

(i)  Manufacturing  residual  stresses 

(j)  Size  effects  (modeling  effects): 


Surface  finish 
Size 

Tolerances 
Stress  gradient 

(k)  Parameters  affecting  thermal  stress: 

Environmental  air  pressure 
Surface  emissivities 
Surface  (interface)  conductances 
Boundary  conditions 

(l)  Boundary  conditions  (component  size) 

(m)  Specimen-to-specimen  variability 
3.  Approaches 

Several  alternate  approaches  have  been  evaluated  in  this  study.  All  are 
predicated  on  the  fundamental  premise  that  full-scale  thermal  testing  of  com¬ 
plete  vehicle  structures  is  not  a  satisfactory  solution  due  to  excessive 
demands  it  places  on  facilities,  particularly  thermal  control,  and  uhat  these 
demands  must  be  reduced  to  render  the  structural  verification  test  program 
feasible.  Such  reduction  can  be  achieved:  (a)  by  decreasing  the  physical 
size  of  the  specimens  to  be  tested  through  use  of  components  or  models, 

(b)  by  decreasing  the  thermal  inputs  into  the  test  specimens  through  (partial) 
simulation  of  thermal  effects  by  mechanical  means,  and  (c)  by  some  other 
method  such  as  a  suitable  flight  test  program.  Approaches  (a)  and  (b)  are 
considered  in  this  study;  a  flight  test  program  has  been  deemed  to  be  outside 
the  scope  of  the  study. 
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There  are  two  basic  alternate  approaches  which  reduce  the  size  o^  thermal 
test  specimens,  namely,  model  testing  and  component  nesting. 

3.1  Model  Testing  -  In  the  evaluation  of  this  approach,  it  has  been 
assumed  that  the  prototype  vehicle  must  be  analyzed  to  determine  the  scale 
factor  to  be  used,  and  the  configuration  of  the  test  article  required  for  a 
valid  test  program.  Upon  fabrication  of  the  necessary  hardware,  the  verifi¬ 
cation  test  program  must  be  performed  with  the  environment  parameters  such 

as  loads,  temperature,  and  time,  adjusted  in  accordance  with  the  scale  factor 
used. 

In  some  cases  for  the  modeling  approach,  scaling  laws  indicate  that  a 
simple  reduction  of  geometric  size  satisfies  scaling  requirements;  that  is  to 
say,  thicknesses  and  widths  of  a  half-seal"'  model  should  be  half  thit  of  the 
full-scale  prototype.  In  other  cases,  a  non-proportional  change  is  required 
in  order  to  retain  scale  structural  characteristics.  An  additional  important 
consideration  in  the  modeling  approach  is  that  there  exist  practical  limita¬ 
tions  to  the  scaling  down  of  material  gages ,  fastener  diameters ,  and  other 
items  normally  considered  scalable.  For  this  reason,  only  one-half  scale 
models  have  been  considered  in  this  study. 

3.2  Component  Testing  -  In  the  component  testing  approach,  full-scale 
portions  of  the  prototype  structure  have  oeen  considered  as  separate  test 
articles.  For  the  vehicle  in  question,  the  prototype  areas  to  be  represen¬ 
ted  must  be  selected,  the  component  configurations  such  as  size,  type,  and 
degree  of  simulation  of  the  prototype  structure  defined,  and  the  number  of 
specimens  needed  for  a  valid  test  program  established.  An  important  consid¬ 
eration  consists  of  allowing  for  the  local  structural  effects  at  the 
component-test  jig  juncture.  The  number  of  test  specimens  and  the  scope  of 
the  test  program  reouires  definition  for  the  vehicLes  considered,  based  on 
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their  structural  characteristics,  mission  profile,  and  other  pertinent 
parameters . 

3.3  Mechanical  Simulation  of  Thermal  Effects  -  The  two  primary  effects 
of  a  severe  thermal  environment  upon  a  load-carrying  structure  are:  (a)  the 
degradation  of  mechanical  properties  of  the  materials  used  to  fabricate  the 
load-carrying  structure,  and  (b)  the  creation  of  thermal  stresses  due  to 
incompatible  and/or  restricted  thermal  expansions.  Some  adjustment  of  the 
magnitude  of  the  applied  mechanical  loads  may  be  used  to  compensate  for  a 
fraction  of  the  material  degradation  due  to  temperature.  Also,  it  is  theore¬ 
tically  possible  to  reproduce  the  induced  thermal  stresses  in  small  portions 
of  the  structure  without  the  application  of  the  thermal  gradient  by  means 
of  mechanical  loads.  The  use  of  this  technique  would  require  that  a  suitable 
analysis  be  performed  to  define  either  the  changes  in  loads  or  the  added 
loading  arrangements  that  should  be  applied  to  the  specimens  so  as  to  produce 
the  same  effect  as  the  (then  omitted)  thermal  environment.  Some  moderate 
heating  may  be  included  as  a  pe.rt  of  this  approach  to  induce  overall  material 
property  temperature  degradation  effects.  As  described  later  in  this  report, 
the  mechanical  simulation  approach  has  some  merit  for  ultimate  strength 
testing  where  thermal  strain  simulation  is  of  little  importance,  but  little 
merit  for  fatigue  life  verification  where  a  more  exact  simulation  of  local 
strains  over  a  3.arge  test  area  is  required. 

3.^  Combination  Approaches  -  The  approaches  previously  described  are 
termed  basic  approaches  in  the  context  of  this  report.  More  useful  approaches 
for  verification  testing  have  been  formed  of  combinations  of  more  than  one 
basic  approach;  these  combination  approaches  are  discussed  in  Section  VIII. 
They  were  developed  to  provide  a  means  of  structural  verification  testing 


comparable  in  merit  to  complete  vehicle  mission  temperature  testing.  Since 
the  combination  approaches  were  derived  from  the  basic  approaches,  the  des¬ 
criptions  of  the  basic  approaches  will,  in  general,  apply  to  the  combination 
approaches . 
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SECTION  V 


VEHICLE  DEFINITIONS 

The  definition  of  vehicles  used  in  this  study  to  evaluate  various  test 
approaches  was  predicated  on  configurations  and  missions  which  may  require 
testing  through  1975-  In  order  to  allow  quantitative  evaluations >  i.e.,  to 
sllow  the  thermodynamic,  strength,  test  facility,  and  cost  analyses  to  be 
performed  in  a  quantitative  manner,  definite  vehicle  types  and  configurations 
were  selected.  The  conclusions  drawn  from  these  analyses  are  expected  to  be 
valid  for  a  range  of  vehicle  types  and  configurations;  however,  each  speci¬ 
fic  application  should  be  evaluated  individually. 

Expected  mission  design  environments  for  present  and  future  aerospace 
vehicles  are  shown  in  Figure  2.  In  view  of  the  temperature  and  load  applica¬ 
tion  problems  described  in  the  previous  sections,  and  in  order  to  develop 
approaches  to  testing  of  appropriate  future  configurations,  two  types  of 
vehicles  were  selected  for  evaluation  and  are  shown  in  Figures  3  and  h . 

(a)  Mach  3-^  Vehicle  -  A  relatively  large  manned  vehicle,  with  planform 
area  of  approximately  6,000  square  feet,  whose  speed-altitude  and 
mission  definition  is  somewhat  similar  to  the  SST  -  Mach  3-^  at 
80,000  feet,  a  design  service  life  of  20,000  missions  and  a  maximum 
airframe  temperature  cf  600°F.  Approaches  developed  for  this 
vehicle  would  be  applicable  to  other  structures  where  total  heating 
and  cooling  rates  (BTU/sec)  or  thermal  control  requirements  during 
fatigue  testing  would  be  of  principal  concern. 

(b)  Mach  12-13  Vehicle  -  A  relatively  small  manned  vehicle,  with 
planform  area  of  approximately  350  square  feet  and  a  maximum 
surface  temperature  of  l600°F  (Mach  12-15  at  lL0,000  ft.). 
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Supersonic - -  — - Hypersonic 


Figure  2  ••  Design  Environment  of  High  Temperature  Vehicles 


Figure  3  -  Mach  3-4  Vehicle  Configuration 


Because  of  the  vehicle  size,  the  complication  of  simultaneously 
applying  both  high  heat  fluxes  (BTU/ft  -sec)  and  mechanical  loads 
is  of  more  importance  than  the  total  heating  rate.  For  purposes 
of  this  study,  only  ultimate  strength  verification  will  be  con¬ 
sidered  for  this  vehicle.  Each  of  these  vehicles  is  described 
more  completely  in  the  following  paragraphs. 

1.  Mach  3-*t  Vehicle 

1.1  Structural  Configuration  -  The  planform  of  the  Mach  3-^  vehicle  used 
in  this  study  is  shown  in  Figure  3.  The  major  features  of  the  vehicle  are: 

(a)  A  configuration  in  which  lifting  airloads  on  each  local  area  of 

the  vehicle  tend  to  be  balanced  by  inertia  loads  (fuel  and/or  weight 
empty)  developed  in  that  same  area. 

(b)  The  fuel  is  stored  in  bladder  cells  in  the  fuselage  and  inboard  wing. 

(c)  Multiple  spars,  with  a  large  (deep)  root  rib  and  several  inter¬ 
mediate  ribs. 

(d)  Wing  panels  formed  oi  double-face  corrugated  skins. 

(e)  Construction  details  consistent  with  the  philosophy  of  minimizing 
thermal  stresses. 

In  conventional  aircraft  which  have  the  wing  and  tail  connected  by  a  length 
of  fuselage,  the  tail  loads  are  balanced  by  the  wing  loads  which  induce  bending 
in  the  connecting  structure.  The  delta  configuration  of  the  vehicle  used  in 
this  study  allows  wing  airloads,  major  inertia  loads,  and  balancing  elevon  loads 
to  be  applied  near  each  other,  eliminating  long  expanses  of  cantilevered  con¬ 
necting  structure.  This  approaches  the  ideal  structural  configuration  in  which 
all  distributed  airloads  are  exactly  balanced  locally  by  inertia  loads. 
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This  configuration  provides  multiple  load  paths,  and  is,  therefore,  typical 
of  a  "fail-safe"  design.  This  inherent  structural  redundancy  does,  however, 
complicate  the  structural  analysis  arid  the  verification  testing. 

The  basic  wing  structure  consists  of:  (l)  cover  panels  which  carry  the 
axial  loads  due  to  overall  wing  bending  and  beam  the  airloads  and  fuel  loads 
to  the  spars;  (2)  spars  which  function  as  shear  members  and  stabilize  the  com¬ 
pression  covers;  and  (3)  ribs  which  redistribute  concentrated  loads  and  support 
mass  it^ms. 

Possible  structural  arrangements  for  wing  cover  panels  include  skin-stringer, 
honeycomb  sandwich,  and  corrugation  stabilized  sandwich  (double-face  corrugated 
skins).  The  latter  configuration  was  selected  for  this  study,  being  represent¬ 
ative  of  expected  designs  and  having  a  reasonable  compromise  of  weight,  cost, 
and  producibility.  The  panels  are  required  to  support  normal  airloads  and  fuel 
loads,  bi-axial  in-plane  loads,  with  large  rib  and  spar  spacings.  The  wing 
structure  has  been  assumed  continuous  through  the  fuselage.  The  upper  skin 
cover  is  designed  by  bi-axial  compression  loads  generated  by  spanwise  and 
chordwise  bending  combined  with  local  effects  of  beaming  the  airloads  to  the 
spars.  The  lower  cover  is  designed  by  a  combination  of  bending,  resulting 
from  local  effects  of  beaming  airloads  and  fuel  loads  to  the  spars,  and  the 
tension  effects  of  spanwise  bending. 

The  multiple  spars  are  tubular  member  trusses,  except  where  reduced  wing 
thickness  makes  a  corrugated  web  more  efficient  or  where  fuel  cells  require 
fuel  pressure  supporting  structure.  Main  ribs  are  located  at  the  aircraft 
centerline,  the  fuselage  sidewall,  and  the  leading  edge  of  the  wing,  with  one 
intermediate  rib  between  the  sidewall  rib  and  leading  edge  rib.  The  general 
structural  arrangement  is  indicated  in  Figure  3-  Additional  auxiliary  ribs 
are  required  at  control  surface  actuator  support  points  and  at  engine  nacelle 
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support  locations.  The  leading  edge  of  the  wing  is  constructed  in  sections 
and  attached  to  the  inboard  leading  structure  with  slip  joints  to  reduce  thermal 
stresses  in  this  area  of  highest  temperatures. 

The  assumed  iselage  structure  for  the  Mach  3-*t  vehicle  is  of  semi- 
monocoaue  skin-stringer  construction.  The  fuselage  is  continuously  attached 
under  the  wing,  with  the  side  wall  in  line  with  the  root  rib.  The  centerline 
rib  and  the  ribs  at  the  fuselage  side  wall  provide  the  primary  vertical  bending 
stiffness  for  the  vehicle.  The  fuselage  and  wing  inboard  of  the  rib  at  the 
fuselage  side  wall  have  been  assumed  to  be  pressurized. 

The  assumed  structural  airframe  material  in  this  study  was  duplex  annealed 
8AI-IM0-IV  titanium  alloy.  It  is  recognized  that  this  alloy  exhibits  some  sus¬ 
ceptibility  to  stress  corrosion;  however,  the  conclusions  drawn  for  this  alloy 
are  generally  applicable  to  any  other  current  high  strength  titanium  alloy. 

1.2  Mission  Profile  -  The  basic  mission  characteristics  of  a  supersonic 
transport  type  vehicle  are  presented  in  Table  I.  The  mission  profile  for  the 
Mach  3-1*  vehicle  is  shown  in  Figure  5  and  is  patterned  after  results  of  a 
study  of  the  SST  mission  and  expected  usage  (Reference  3).  The  anticipated 
gust  and  maneuver  load  factor  spectra  are  shown  in  Tables  II,  III,  and  IV  and 
are  based  on  data  of  Reference  3.  To  allow  for  a  more  quantitative  evalua¬ 
tion  of  problems  associated  with  the  ultimate  strength  testing,  panel  point 
loads  were  determined  for  the  vehicle;  these  loads  are  presented  in  Figure  6. 
Similar  loads  have  been  determined  for  th°  fatigue  testing  of  this  vehicle. 
Panel  point  load  values  include  both  airloads  and  inertia  loads  and  are 
based  on  a  vehicle  gross  weight  of  3^0,000  pounds. 

1.3  Structural  Cross  Section  -  To  focus  the  analysis  effort,  it  was 
decided  that  some  particular  "typical"  area  would  be  selected  for  numerical 
analysis;  the  area  selected  is  a  representative  wing  cross  section  of  the 
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SUPERSONIC  AIRCRAFT  MISSION  CHARACTERISTICS 


Phase  of  Mission 

Expected  Loads 

Expected  Temperature  and  Thermal  Stresses 

Taxi,  take-off  and 
climb  at  subsonic 
speeds. 

Taxi  loads,  first  naif  of  ground-air-ground 
cycle,  gust  and  maneuver  loads.  First 
half  of  fuselage  pressurization  cycle. 

Skin  temperature  from  100°F  to  zero.  Negligible 
thermal  stresses. 

Climb  a!  supersonic 
speeds. 

Gust  and  maneuver  loads. 

Skin  temperature  increases  with  Mach  number  and 
altitude.  Thermal  stresses  increase. 

Cruise  at  supersonic 
speeds. 

Gust  and  maneuver  loads. 

Skin  temperatures  determined  by  Mach  number  and 
altitude.  Temperature  of  internal  structure  increases. 
Thermal  stresses  diminish. 

Descent  at  supersonic 
speeds. 

Gust  and  maneuver  loads. 

Skin  temperature  decreases  with  Mach  number  and 
altitude.  Temperature  decrease  of  :nternai  structure 
lags.  Thermal  stresses  increase,  are  opposite  in 
sign  from  climb. 

Descent  at  subsonic 
speeds,  landing  and 
taxi. 

Gust  and  maneuver  loads,  second  half 
of  fuselage  pressurization  and  ground- 
air-ground  cycles,  landing  and  taxi  loads. 

Temperature  of  outer  skin  decieases  and  internal 
structure  cools.  Thermal  stresses  diminish. 

TABLE  II 


GUST  LOAD  SPECTRUM 
MACH  3-4  VEHICLE 


Flight  Phase 

Climb 

Climb 

Climb 

Climb 

Cruise 

Descent 

Descent 

Descent 

Descent 

Altitude  (1000  ft.) 

<40 

an-50 

50-60 

60-70 

70-80 

80-70 

70-60 

60-50 

<50 

Mission  time  (hr) 

HUSH 

0.22-0.27 

0.27-0.33 

0.33-0.46 

0.46-1.66 

1.66-1.79 

1.79-1.86 

1.86-1.89 

mi 

Ag  =  0.2 

87.381 

926 

289 

146 

434 

18 

26 

d4 

12,045 

Ag  =  0.4 

2,315 

16 

6 

96 

Ag  =  0.6 

293 

_ 

4 

Ag  =  0.8 

46 

Ag-  1.0 

11 

Ag-1.1 

2 

Notes:  1.  Load  during  cycle  is  Ig  ±  Ag. 

2.  Spectrum  is  for  20,000  flights  in  40,000  hours. 

3.  Oata  from  Reference  3. 
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TABLE  III 

MANEUVER  LOAD  SPECTRUM 
MACH  3-4  VEHICLE 


Flight  Phase 

Climb 

Climb 

Climb 

Climb 

Cruise 

Descent 

Descent 

Descent 

Descent 

Altitude  (1000  ft.) 

<42 

42-48 

48-61 

61-70 

70-80 

80-76 

76-65 

65-42 

JEM 

Mission  time  (hr.) 

n0.23 

0.23-0.26 

0.26-0.34 

0.34-0.46 

0.46-1.66 

1.66-1.73 

1.73-1.84 

1.84-1.91 

>1.91 

Ag  =  0.2 

'95,000 

307,700 

575,800 

893,600 

2,087,000 

1,082,000 

590,000 

265,700 

669,000 

Ag  =  0.4 

4,220 

2,215 

4,040 

6,170 

12,440 

17,320 

9,620 

4,140 

10,590 

Ag  =  0.G 

173 

82 

156 

111 

534 

642 

359 

151 

388 

"Ag  =  0.8 

7 

3 

6 

9 

25 

36 

20 

9 

21 

Ag=  1.0 

1 

2 

1 

1 

Notes:  1.  Load  during  cycle  is  lg  +  Ag. 

2.  Spectrum  is  for  20,000  flights  in  4G.0C0  hours  . 

3.  Data  from  Reference  3. 


TABLE  IV 

GUST  PLUS  MANEUVER  LOAD  SPECTRUM 
MACH  3-4  VEHICLE 


Flight  Phase 

Climb 

Climb 

Climb 

Climb 

Cruise 

Descent 

Descent 

Descent 

Descent 

Altitude  (1000  ft.) 

<42 

42-48 

48-61 

61-70 

70-80 

80-76 

76-65 

65-42 

<42 

Mission  tine  (hr.) 

<0.23 

0.23-0.26 

0  26-0.34 

0.34-0.46 

0.46-1.66 

1.66-1.73 

1.73-1.84 

1.84-1.91 

>1.91 

Ag  =  0.2 

782,381 

308,626 

576,089 

393,746 

2,087,434 

1,032,018 

590,026 

265,744 

681,045 

Ag  =  0.4 

6,535 

2,231 

4,046 

6,170 

12,440 

17,320 

9,620 

4,140 

11,686 

Ag  =  0.6 

466 

82 

156 

Hi 

534 

642 

359 

151 

392 

Ag  =  0.8 

53 

3 

6 

9 

25 

36 

20 

9 

21 

Ag  -  1.0 

11 

mm 

2 

1 

1 

Ar-1.1 

2 

mum 

Notes:  1.  Load  during  cycle  is  lg  ±  Ag. 

2.  The  maneuver  load  spectrum  is  far  more  severe  than  the  gust  load  spectrum,  consequently,  in  combining  the  two  spectra, 
the  maneuver  load  altitude  profile  was  used. 
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Figure  5  -  Mission  Profile 
Mach  3-4  Vehicle 


structure  previously  described.  Two  types  of  wing  structures  were  investi¬ 
gated:  a  corrugated  sandwich  configuration  (shown  in  Figure  7)  and  a  skin- 
stringer  configuration.  They  are  shown  with  their  mathematical  models  in 
Figures  8  and  9*  Primary  emphasis  was  placed  on  the  corrugated  sandwich 
configuration  since  it  was  felt  that  it  is  more  critical  with  regard  to  the 
temperature  gradients  and  thermal  stresses  than  the  other  possible  configura¬ 
tions.  As  described  in  the  sections  which  follow,  limited  investigations 
using  the  skin-stringer  configuration  yielded  similar  results  as  the  corrugated 
sandwich;  hence,  conclusions  drawn  for  the  latter  configuration  are  assumed 
applicable  to  both  structures.  A  referenee  temperature  spectrum,  in  the  form 
of  surface  temperatures  as  a  function  of  time,  is  shown  in  Figure  10.  The 
straight  line  variation  of  temperature  with  time  was  chosen  for  simplicity; 
the  difference  between  these  data  and  true  temperature  histories  is  con¬ 
sidered  unimportant .  These  surface  temperatures  were  used  as  "input"  data 
for  all  computer  runs  described  subsequently;  that  is,  all  internal  tempera¬ 
tures,  external  heating  rates,  and  thermal  stresses  regardless  of  scaling 
factor,  size,  etc.,  are  completely  consistent  and  are  based  on  these  surface 
temperatures.  Maximum  temperatures  and  heating  rates  on  other  portions  of 
the  structure  are  shown  in  Figure  11. 

2.  Mach  12-19  Vehicle 

2.1  Structural  Configuration  -  This  vehicle  is  intended  to  represent  an 
advanced,  hypersonic,  manned  vehicle.  The  configuration  and  details  of  this 
vehicle  are  defined  in  less  depth  than  those  of  the  Mach  3-U  vehicle.  The 
selected  planform  is  presented  in  Figure  1*.  The  vehicle  gains  much  of  its 
lift  from  its  body,  therefore  the  distributed  airloads  tend  to  be  balanced  by 
the  inertia  loads.  The  centerbody  is  of  monocoque  construction,  and  the  skin  is 

t 

double-face  corrugation  formed  of  Rene  1<1  material.  Circumferential  rings  are 


Figure  8  -  Wing  Cross  Section  Nodal  Numbering  System 
Corrugated  Sandwich  Lower  Surface  Configuration 
Mach  3-4  Vehicle 


Figure  9  -  Wing  Cross  Section  Nodal  Numbering  Syste 
Skin-Stringer  Lower  Surface  Configuration 
Mach  3-4  Vehicle 


Figure  10  -  Mission  Temperature  Profile 
Mach  3-4  Vehicle 


Key  for  data  al  each  point: 

Equilibrium  temperature  (°F) 

Approximate  heating  rate— ^ 
(Ft. -hr.) 


Approximate  cooling  rate-^— 

(Ft.z-iu.) 

Equilibrium  Temperatures  and  Peak  Aerodynamic 
Heating  and  Cooling  Rates 
Mach  3-^  Vehicle 


provided  to  stabilize  the  shell  and  distribute  lateral  airloads  and  concen¬ 
trated  equipment  loads  to  the  shell.  The  small  control  surfaces  could  be 
similar  in  construction  to  those  of  the  Mach  3-h  vehicle,  although  greater 
use  of  the  "shingle"  concept  is  expected;  i.e.,  the  surface  skin  panels  could 
be  made  free-floating  for  thermal  expansion  reasons  by  means  of  oversize 
holes  upon  spar  and  ribs  which  are  the  load-carrying  structure.  If  the 
wings  were  formed  in  this  manner,  the  expected  thermal  stresses  would  be 
lowered,  but  at  a  certain  weight  cost,  since  the  free  floating  skin  panels 
cannot  carry  any  of  the  spanwise  wing  bending  loads  resulting  in  increased 
weight  in  the  spar  caps. 

2.2  Mission  Profile  -  The  mission  characteristics  of  the  Mach  12-15 
vehicle  are  quite  similar  to  those  presented  in  Table  I  for  the  Mach  3-h 
vehicle;  the  values  of  stresses  and  temperatures  are,  of  course,  signifi¬ 
cantly  different  from  those  of  the  Mach  3-h  vehicle.  The  mission  profile  in 
terms  of  speed-altitude  variations  is  shown  in  Figure  12. 

2.3  Structural  Cross  Section  -  A  lesser  effort  was  directed  to  the 
investigation  of  this  vehicle  and  only  a  single  type  of  construction  was  con¬ 
sidered  in  detail.  Conclusions  drawn  for  this  construction  are  considered 
applicable  to  most  other  proposed  methods  of  construction  of  this  type  vehicle. 
The  portion  of  the  vehicle  selected  for  stud^  is  the  centerbody;  a  cross  sec¬ 
tion  of  this  centerbody  is  shown  in  Figure  13  along  with  the  side  wall  des¬ 
cription.  Figure  lh  presents  the  mathematical  model  of  this  cross  section. 

The  alloy  selected  for  evaluation  was  Rene  hi  nickel  base  alloy.  The  mission 
temperature  profile  used  in  the  analysis  is  shown  in  Figure  15. 
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Figure  12  -  Mission  Profile 
Mach  12-15  Vehicle 
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SECTION  VI 


ULTIMATE  STRENGTH  VERIFICATION  TESTING 
BASIC  APPROACHES 

In  this  section,  four  basic  approaches  to  ultimate  strength  testing  of  the 
Mach  3-*+  and  12-15  vehicles  are  considered.  These  basic  approaches  are:  com¬ 
plete  vehicle  testing,  model  testing,  component  testing,  and  mechanical  simula¬ 
tion  of  thermal  effects.  The  two  vehicles  are  treated  separately.  For  each 
basic  approach,  engineering,  test  facility,  and  cost  analyses  have  been  per¬ 
formed  under  the  assumptions  discussed  in  Section  IV. 

The  engineering  analysis  consists  of  thermodynamic  and  strength  analyses. 
The  purpose  of  the  former  was  to  determine  the  importance  of  various  phenomena 
such  as  internal  radiation,  interface  conductance,  and  control  temperature 
error.  The  extent  to  which  these  phenomena  were  affected  by  the  basic 
approaches,  and  the  effects  of  changes  in  the  phenomena  on  significant  param¬ 
eters  such  as  thermal  stress  or  material  degradation  were  evaluated  in  a  quan¬ 
titative  manner.  The  basic  purpose  of  the  strength  analysis  was  to  evaluate 
for  each  approach: 

(a)  The  capability  to  produce  prototype  transient  thermal  stresses. 

(b)  The  capability  to  produce  and  demonstrate  an  ultimate  strength 
equivalent  to  that  of  the  prototype  vehicle. 

The  objective  of  the  test  facility  analysis  was  to  define  the  test  equip¬ 
ment  required  in  the  use  of  each  of  the  basic  approaches  and  to  identify  the 
test  problems  likely  to  be  encountered.  The  results  of  the  test  facility  anal¬ 
ysis  were  used  in  the  determination  of  the  man-hour  and  dollar  costs  of  the 
basic  approaches. 

A  cost  analysis  has  been  performed  for  each  approach  with  the  primary 
objective  being  the  determination  of  relative  costs.  The  major  areas 
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considered  were:  (l)  engineering  design  costs  of  the  test  specimen,  (2)  manu¬ 
facturing  costs  of  the  test  specimen,  including  tooling,  and  (3)  testing  costs, 
including  jig  design  and  fabrication,  test  equipment  and  material  costs,  and 
test  performance. 

The  conclusions  drawn  from  the  three  analyses  for  each  basic  approach 
allow  the  development  of  combination  approaches  of  comparable  technical  merit 
and  the  determination  of  the  associated  costs.  The  need  for  such  combination 
approaches  resulted  from  the  fact  that  most  basic  approaches  were  judged  to  be 
unsatisfactory  for  the  purposes  cf  structural  verification.  These  combination 
approaches  are  discussed  in  Section  VIII, 

For  ultimate  strength  verification  of  the  Mach  3-h  vehicle,  the  complete 
vehicle  basic  approach  is  discussed  in  Subsection  1.2;  the  model  basic  approach 
in  Subsection  1.3;  the  component  basic  approach  in  Subsection  1 . U ;  and  the 
mechanical  simulation  basic  approach  in  Subsection  1.5.  The  corresponding  sub¬ 
sections  for  the  Mach  12-15  vehicle  are  2.2,  2.3,  2.h,  and  2.5,  respectively. 

1.  Mach  3-^  Vehicle 

1.1  Parameters  -  Many  of  the  parameters  discussed  in  Section  IV  are  rela¬ 
tively  unimportant  in  ultimate  strength  testing.  Consideration  of  the  load 
spectrum,  load  randomization,  and  ground-air-ground  cycle  is  not  applicable  to 
the  analysis  of  ultimate  strength  except  for  the  case  of  residual  strength  of 
fatigue  damaged  structure,  which  was  not  considered  in  this  study.  Creep  and 
strain  rate  (load  rate)  may  have  an  effect,  but  such  effects  have  been  found 
to  be  relatively  unimportant  fo”  the  vehicles  considered  in  this  study.  Cor¬ 
rosion  may  significantly  affect  the  strength  of  actual  vehicle  in  service  usage 
traditionally,  however,  its  effect  is  investigated  using  element  tests,  and  is 
not  introduced  in  the  basic  verification  program.  The  remaining  parameters 
that  were  deemed  to  be  important  in  ultimate  strength  verification  testing 
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include : 


Material  degradation  caused  by  temperature 
Metallurgical  changes  caused  by  time  at  temperature 
Size  effects  (modeling  effects) 

Thermal  stresses 

Boundary  conditions  (component  size) 

Specimen-to- specimen  variability 

The  effects  of  these  parameters  on  the  ultimate  strength  verification  test¬ 
ing  of  the  Mach  3-^  vehicle  are  discussed  in  the  following  subsections. 

1.2  Complete  Vehicle  Testing  -  Complete  vehicle  mission  temperature  test¬ 
ing  is  defined  as  the  test  of  a  full-scale  complete  airframe  with  the  tempera¬ 
tures  expected  in  flight  duplicated  during  the  laboratory  testing.  The  primary 
purpose  of  the  analysis  of  this  basic  approach  was  to  develop  a  basis  of  data 
to  which  the  results  of  the  analyses  of  other  approaches  could  be  compared. 

The  analysis  is  divided  into  three  subsections;  this  same  grouping  is  used  for 
all  subsequent  analyses:  engineering  analysis,  test  facility  analysis,  cost 
analysis,  followed  by  conclusions. 

1.2.1  Engineering  Analysis  -  In  order  to  compute  structural  temperatures 
of  the  wing  cross  section  chosen  for  analysis,  described  in  Section  V,  a  thermal 
idealization  was  developed  and  analyzed  utilizing  the  McDonnell  General  Heat 
Transfer  Program.  The  wing  cross  section  was  divided  into  112  nodes  (shown  in 
Figure  8)  which  were  thermally  connected  through  the  following  modes  of  heating: 
Internal  convection 
Internal  radiation 

Conduction  through  continuous  material  and  interfaces  including  fastening 
Radiation  to  external  surroundings 

A  single  node  was  selected  to  represent  the  air  within  the  wing  cross 
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section  to  permit  calculation  of  its  heat  storage  and  convective  heat  transfer. 
Temperature-time  profiles  for  locations  on  upper  and  lower  wing  outei  surfaces 
were  established  and  are  compatible  with  flight  Mach  numbers  and  altitudes 
described  in  Section  V;  these  profiles  are  shown  in  Figure  10.  Several  simpli¬ 
fications  were  made  to  reduce  the  computation  effort.  These  are  as  follows: 

(a)  Straight-line  temperature-time  variations  were  assumed  for  the  two 
control  nodes;  actual  flight  temperatures  at  these  locations  would 
not  follow  the  abrupt  changes  in  temperature  slope  shown  in  Figure  10. 

(b)  Infinite  spanwise  depth  perpendicular  to  the  plane  of  the  cross 
section  and  similar  adjacent  sections  in  the  chordwise  direction 
were  assumed.  Wing  temperature  gradients  and  the  rate  of  change 
of  geometry  in  the  spanwise  and  chordwise  directions  are  usually 
small  in  comparison  to  the  wing  depth;  therefore,  this  assumption 
was  judged  reasonable. 

(c)  Similar  to  (b),  the  heating  rates  were  assumed  to  be  functions 
of  time,  but  constant,  albeit  different,  for  the  upper  and  lower 
surfaces,  with  the  actual  values  determined  by  the  control  node 
temperature-time  profile  for  each  surface.  Node  M  was  the  tem¬ 
perature  control  node  for  the  upper  surface,  and  node  93  for  the 
lower  surface;  both  are  shown  in  Figure  8.  The  slope  discontinuities 
in  the  time-temperature  histories  at  the  intersections  of  the  linear 
portions,  described  in  (a),  resulted  in  a  spiked  heating  rate  whose 
peak  value  is  larger  than  the  expected  mission  value.  However,  the 
heating  and  cooling  rates  at  other  times  in  the  idealized  mission 
closely  approximate  what  would  be  expected  the  true  mission 
temperature-time  profile . 

(d)  For  the  initial  analyses,  internal  air  pressure  was  assumed  to  be 
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equal  to  the  flight  altitude  free  stream  value.  Subsequent  anal¬ 
yses  using  laboratory  pressure  (at  1  atmosphere)  showed  negligible 
change  in  structural  temperature  histories  and  thermal  stresses . 

(e)  The  emissivities  of  the  internal  surfaces  of  the  double-face  cor¬ 
rugated  sandwich  panels  were  assumed  equal  to  .66  for  most  of  the 
analyses.  The  emissivities  of  the  surfaces  outlining  the  wing 
cross  section  enclosure  -  the  inner  surface  of  the  inner  skin  of 
the  sandwich  panel,  the  spar-web,  and  the  spar-web  attachment  tee  - 
were  assumed  equal;  for  most  analyses  a  value  of  .66  was  assumed. 

The  computed  structural  temperatures  were  used  to  determine  elastic  thermal 
stresses  for  the  wing  cross  section,  using  the  following  assumptions: 

(a)  The  free  expansion  thermal  elongation  for  each  of  the  structural 
elements  was  determined  relative  to  their  length  at  70°F. 

(b)  The  materials  were  assumed  to  remain  linearly  elastic. 

(c)  The  variation  of  the  coefficient  of  expansion  and  of  the  modulus 
of  elasticity  with  temperature  was  included  in  the  analysis. 

(d)  Computations  were  based  on  the  assumptions  of  elementary  beam 
bending  theory  (plane  cross  sections  remain  plane). 

(e)  The  wing  cross  section  was  assumed  to  be  free  of  axial  or  bending 
restraint . 

The  analytical  model  of  the  cross  section  is  similar  to  that  used  for  the 
thermodynamic  analysis  presented  in  Figure  8.  Temperatures  and  thermal  stresses 
have  been  computed  for  the  two  configurations  of  the  wing  cross  section:  one 
utilizing  a  corrugated  sandwich  lower  surface;  and  the  other,  a  skin-stringer 
lower  surface. 

Based  on  the  assumed  temperature  profiles  shown  in  Figure  10,  the  tempera¬ 
tures  and  thermal  stresses  produced  during  a  typical  Mach  3-*J  flight  have  been 
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computed  for  all  112  nodes  of  the  sandwich  configuration.  The  heating  rates 
for  the  wing  surfaces  have  also  been  computed  for  the  full-scale  complete 
vehicle  and  are  presented  in  Figures  16  and  IT;  the  other  data  presented  on 
these  figures  will  be  discussed  in  other  subsections. 

The  effects  of  external  surface  radiation  cause  a  significant  difference 
between  the  heat  inputs  required  for  the  testing  of  a  structure  in  the  labors.  - 
tory  and  the  actual  flight  heat  input  to  the  same  structure.  In  a  flight 
vehicle,  the  aerodynamic  heating  to  the  surface  must  exceed  the  surface  radi¬ 
ant  emission  to  the  outside  before  the  structure  becomes  heated.  Mission  heat¬ 
ing  rates  determined  by  computer  analysis  in  this  study  have  included  this 
radiation  term.  However,  in  the  laboratory,  heating  is  accomplished  by  using 
radiant  lamps  with  a  highly  reflective  backing;  in  an  ideal  test  system,  with 

a  perfect  reflector,  none  of  the  radiant  energy  from  the  surface  is  lost,  thus 

,  1,. 

the  laboratory  heating  requirement  is  reduced  by  the  radiation  term  (oeT  ). 

The  results  of  an  analysis  of  this  phenomenon  using  expected  laboratory  system 
efficiencies  are  presented  in  Figure  18.  This  figure  indicates  that  although 
the  peak  mission  and  laboratory  heating  rates  are  net  appreciably  different, 
the  laboratory  total  heat  requirements  are  much  lower. 

Temperatures  and  thermal  stresses  for  several  nodal  locations  are  pre¬ 
sented  in  Figures  19  through  23.  Temperatures  at  node  TO  are  presented  in 
Figure  19*  This  location  heats  up  and  cools  off  more  slowly  than  other  nodes 
in  the  structure  during  a  typical  mission  due  to  its  greater  distance  from  the 
outer  surface  nodes.  Temperatures  and  stresses  for  two  nodes  of  the  sandwich 
lower  surface  are  presented  in  Figures  20,  21,  22,  and  23;  for  node  90,  because 
it  is  near  the  spanwise  joint  in  the  area  of  maximum  stress  concentrations, 
and  for  node  111,  because  it  is  at  the  location  of  maximum  tensile  thermal 
stress.  For  strength  analysis,  thermal  stresses  are  additive  to  the  sum  of 
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Mission  Time -Hours 

Figure  16  -  Scaling  and  Radiation  Effects  on  Wing  Lower  Surface  Heating  Rate 
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Figure  17  -  Scaling  and  Radiation  Effects  on  Wing  Upper  Surface  Heating  Rate 

Mach  3-4  Vehicle 


-  Comparison  of  Mission  and  Laboratory  Heating  Rates 
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.  112  node  model,  Figure  8 


Figure  19  -  Scaling  and  Radiation  Effects  on  Temperature  at  Node  70 

Macli  3-4  Vehicle 


Notes: 


re  20  -  Scaling  and  Radiation  Effects  on  Temperature  at  Node  90 
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Notes; 


Mission  Time  -  Hours 

Figure  23  -  Scaling  and  Radiation  Effects  on  Spanwise  Thermal  Stress  at  Node  111 

Mach  3-4  Vehicle 


maneuver  or  gust  alternating  stresses  and  the  mean  (lg)  flexural  stresses. 
Figures  24  and  25  present  the  variations  of  spanwise  thermal  stresses  in  the 
chordwise  direction  of  the  full-scale  wing  cross  section  at  the  time  of  peak 
thermal  stresses  for  nodes  90  and  111  (mission  time  =  .1*6).  The  comparison  of 
the  chordwise  variations  shown  in  these  two  figures  is  typical  fox'  this  type 
of  structure;  the  outer  face  of  the  sandwich  lower  wing  surface  is  in  compres¬ 
sion,  as  shown  in  Figure  24,  and  the  inner  surface  is  in  tension,  as  shown  in 
Figure  25.  The  change  in  stresses  in  the  faces  near  the  spar-web  are  a  result 
of  the  heat  sink  effect  of  the  spar,  i.e.,  the  inner  face  tensile  stresses  are 
increased  and  the  outer  face  compressive  stresses  are  decreased. 

Using  the  112  node  sandwich  lower  surface  model,  numerous  studies  of  the 
effect  of  various  parameters  on  temperature  and  thermal  stress  were  conducted; 
the  more  significant  of  these  studies  are: 

Effects  of  internal  radiation 
Effects  of  interface  conductance 


Effects  of  internal  air  pressure 
Effects  of  control  temperature  error 

In  addition,  the  effect  of  thermal  environment  on  wing  cross  section  ultimate 
strength  was  investigated.  Each  is  discussed  in  the  following  paragraphs. 

1.9. 1.1  Effects  of  Internal  Radiation  -  Structural  temperatures  and 
thermal  stresses  were  calculated  for  both  full-scale  and  half-scale  wing  cross 
section  with  the  range  of  internal  emissivity  values  0.0  <e<1.0.  The  use  of 


z  =0.0  approximated  the  situation  where  the  inside  of  the  enclosure  is  coated 


with  a  low  emissivity  covering,  resulting  in  maximum  thermal  gradients  and 


stresses.  These  maxima  occurred  at  the  transition  between  climb  and  cruise, 
mission  time  =  ,46  hr.,  as  shown  in  Figures  22  and  23.  The  actual  emissivity 


cannot  be  zero;  therefore,  the  true  maximum  thermal  gradients  and  stresses  will 
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always  be  less  than  for  this  limiting  case.  In  the  analysis,  the  emissi vities 
of  the  internal  surfaces  of  the  double-face  corrugated  sandwich  were  assumed 
equal  to  a  single  value.  The  single  value  of  emissivity  for  these  surfaces 
has  been  termed  external  emissivity.  The  emissivities  of  the  surfaces  out¬ 
lining  t.ie  wing  cross  section  enclosure  were  also  assumed  equal  to  a  single 
value;  these  surfaces  include  the  inner  surface  of  the  inner  skin  of  the  sand¬ 
wich  panel,  the  spar-web,  and  the  spar-web  attachment  tee.  The  single  value  of 
emissivity  for  these  surfaces  has  been  termed  internal  emissivity.  Figure  26 
indicates  the  effect  of  emissivity  on  the  maximum  thermal  stress  achieved  at 
node  111.  It  may  be  noted  that  these  digital  computer  analyses  indicate  a 
linear  ariation  in  thermal  stress  with  emissivity,  obcained  when  the  external 
emissivity  is  equal  to  the  internal  emissivity,  for  the  configuration  and 
assumptions  of  this  investigation. 

The  effects  of  internal  radiation  can  also  be  determined  in  Figures  22, 

23,  2U,  and  25;  these  figures  present  the  results  obtained  when  internal  emis¬ 
sivity  is  equal  to  .66  and  to  0.0,  and  when  external  emissivity  is  equal  to  .66. 

1.2. 1.2  Effects  of  Interface  Conductance  -  A  variable  which  would  be 
largely  uncontrollable  in  a  structure  is  that  of  interface  thermal  conductance 
offered  by  less  than  perfect  contact  between  adjacent  faces.  Interface  con¬ 
ductance  would  be  a  consideration,  for  example,  between  nodes  *»6  and  ^7  or  5^ 
and  55  of  Figure  8.  Interface  conductance  values  in  the  range  of  500  to 
5000  BTU/ft  -hr-°F  seem  probable  for  these  particular  joints.  In  this  study, 
the  lowest  of  these  values  was  selected  for  most  of  the  analyses  in  order  not 
to  understate  the  importance  of  interface  resistance  in  later  comparisons. 

An  analysis  was  made  to  determine  the  effect  of  this  variable;  increasing  the 
value  simultaneously  at  all  joints  from  100  BTU/ft  -hr-°F  to  infinity  increased 
the  temperature  at  node  111  less  than  10°F  at  time  of  peak  thermal  stress. 


Maximum  Mission  Thermal  Stress  at  Node  111  -  KSI 
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Figure  26  -  Emissivity  and  Scaling  Effects  on  the 
Maximum  Thermal  Stress  at  Node  111 
Mach  3-4  Vehicle 
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Therefore,  little  variation  in  thermal  stress  would  be  expected  as  a  result  of 
variations  in  interface  conductance;  and  no  further  evaluation  of  interface 
conductance  was  performed. 

1.2.1. 3  Effects  of  Internal  Pressure  -  While  simulation  of  internal  pres¬ 
sure  within  the  test  specimen  may  be  desirable  in  the  laboratory  from  the 
standpoint  of  accurately  duplicating  mission  conditions,  the  complexity  and 
cost  of  such  a  test  would  be  appreciably  reduced  if  enclosure  air  at  one  atmos¬ 
phere  pressure  could  be  utilized.  Temperatures  computed  for  the  wing  cross 
section  using  mission  pressure  agreed  well  with  those  using  atmospheric  air 
pressure;  the  greatest  discrepancy  in  structural  temperatures  generally  occurred 
at  node  70  and  was  less  than  15°F.  Figure  27  presents  the  calculated  wing 
enclosure  air  temperature  history  for  both  mission  air  pressures  and  atmos¬ 
pheric  pressure  in  the  wing.  When  compared  with  the  expected  flight  tempera¬ 
tures,  500°F  to  600°F,  the  magnitude  of  the  temperature  variations  is  small, 
indicating  close  simulation  may  be  obtained  by  using  air  at  one  atmosphere  in 
the  intex-nal  cavity  of  the  test  specimen. 

Figure  23  presents  a  comparison  of  thermal  stresses  determined  when  inter¬ 
nal  convective  heat  transfer  is  based  on  mission  and  atmospheric  pressures. 

The  thermal  stresses  for  these  two  cases  were  found  to  be  almost  identical; 
therefore,  the  use  of  laboratory  pressure  during  testing  is  not  expected  to 
affect  the  accuracy  of  the  thermal  stress  simulation. 

1.2. 1.4  Effects  of  Control  Temperature  Error  -  An  investigation  of  the 
effect  of  control  temperature  error  on  structural  temperatures  and  stresses  was 
performed  utilizing  modified  control  temperature  histories  for  the  climb  and 
cruise  portion  of  the  mission;  these  profiles  are  shown  in  Figure  28.  While 
the  control  temperature  profiles  are  not  appreciably  different,  the  associated 
required  heating  rate  histories  shown  in  Figure  29  differ  more  significantly. 
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Figure  27-  Effect  of  Air  Pressure  Variation  on  the  Temperature  of  the  Enclosure  Air 
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both  in  magnitude  and  time  of  occurrence.  As  previously  discussed,  the  peaks 
and  troughs  of  the  heating  rate  histories  result  from  discontinuities  in  the 
slopes  of  the  temperature  history  curves,  which  are  linear  idealizations  of 
in-flight  temperature-time  curves,  but  it  is  seen  that  a  slight  change  in  the 
shape  of  the  temperature-time  curve  for  the  control  node  has  a  significant 
effect  on  the  heating  rate  curve.  A  comparison  of  the  thermal  stresses  cal¬ 
culated  for  the  base  temperature  profile  and  for  the  modification  of  this  tem¬ 
perature  profile  is  presented  in  Figure  30.  As  shown  in  this  figure,  the  maxi¬ 
mum  thermal  stress  for  the  modified  temperature  profile  is  approximately  13$ 
greater  than  the  peak  stress  for  the  original  temperature  profile.  Since  the 
extent  of  a  alteration  of  the  control  node  temperature  profile  was  slight, 
this  variation  of  temperature  and  resulting  variation  of  thermal  stress  can  be 
expected  to  occur  in  all  laboratory  tests  because  of  control  inaccuracies.  It 
is  apparent  that  errors  resulting  from  control  temperature  variations  may  easily 
be  as  significant  as  errors  resulting  from  variation  in  other  parameters. 

1.2. 1.5  Effect  of  Thermal  Environment  on  Wing  Cross  Section  Ultimate 
Strength  -  Figure  31  presents  the  results  of  an  analysis  of  the  compressive 
strength  of  the  upper  surface  of  the  Mach  3-^  vehicle ,  with  and  without  thermal 
stresses.  This  surface  is  assumed  critical  for  the  wing  of  the  Mach  3-U 
vehicle  during  ultimate  strength  verification.  The  temperature  distributions 
used  in  the  analysis  are  those  resulting  from  surfaces  emissivities  equal  to 
0.66.  The  thermal  stresses  cause  a  maximum  of  1.7$  reduction  in  compressive 
strength  (time  =  .U6  hours,  panel  buckling).  The  wing  panel  buckling  is  allow¬ 
able  for  the  assumed  geometry  was  found  to  be  considerably  smaller  than  the 
crippling  allowable;  if  the  geometry  were  changed  to  allow  the  panel  buckling 
stress  to  approach  the  panel  crippling  stress,  the  effects  of  thermal  stresses 
would  be  further  reduced.  In  either  case,  the  effects  of  thermal  stresses  on 
panel  ultimate  strength  are  not  as  significant  as  temperature  degradation  effects. 
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I  1.  112  node  model,  Figure  8 

Modified  temperature  profile  (Figure  28)  2.  Wing  lower  outer  surface 


Figure  30-  Effect  of  Temperature  Profile  on  Spanwise  Thermal  Stress 
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1.2.1 .6  Analysis  of  the  Skin-Stringer  Lower  Surface  Wing  Cross  Section  - 
The  previous  analyses  were  performed  for  the  double-face  sandwich  configuration 
of  the  lower  wing  surface.  In  order  to  determine  the  applicability  of  these 
analyses  and  of  subsequent  conclusions  to  other  configurations,  a  brief  investi¬ 
gation  of  an  alternate  skin-stringer  lower  wing  surface  configuration  was  per¬ 
formed.  Figure  9  describes  the  configuration  of  the  cross  section  and  the  nodal 
numbering  system.  Temperatures  and  thermal  stresses  were  computed  for  all  90 
nodes  of  the  cross  section.  Figures  32  and  33  present  the  temperatures  and 
thermal  stresses,  respectively,  for  nodes  91,  93,  and  99  of  the  wing  lower  sur¬ 
face;  that  is,  the  inboard  ends  of  the  web  attachment  tee  and  the  stiffeners 
(see  Figure  9),  which  are  the  locations  of  maximum  thermal  stress.  Node  99 
corresponds  to  node  111  for  the  corrugated  configuration.  Since  the  peak  tem¬ 
peratures  and  thermal  stresses  for  the  two  configurations  are  not  significantly 
different,  it  is  judged  that  conclusions  for  the  corrugated  configuration  are 
also  applicable  to  the  skin-stringer  configuration. 

1.2.2  Test  Facility  Analysis  -  Similar  procedures  were  employed  in  design¬ 
ing  test  systems  for  all  test  articles  considered  in  this  study  (i.e.,  complete 
vehicle,  model,  or  component,  for  the  Mach  3-^  vehicle  and  the  Mach  12-15 
vehicle).  The  procedure  for  designing  heating  and  cooling  systems  and  their 
integration  with  the  structural  loading  system  is  discussed  first,  followed  by 
a  summary  of  the  testing  requirements  for  the  Mach  3-*»  vehicle. 

The  state-of-the-art  made  it  necessary  to  estimate  facility  requirements 
through  detailed  computations  because  general  parametric  studies  of  test  facil¬ 
ities  are  not  available.  The  following  data  are  generally  required  for  the 
computation  of  facility  requirements: 

(a)  Detail  specimen  configuration  and  geometry 

(b)  Test  loads 
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Figure  32  -  Comparison  of  Temperatures  for  Two  Structural  Configurations 
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(c)  Critical  test  thermal  conditions,  temperature-time  profiles 

(d)  Instrumentation  and  inspection  requirements 

(e)  Length  of  test  time  and  test  cyc_es  for  application  to  equipment 
design 

(f)  Fatigue  criteria,  including  spectrum  and  allowable  cycle  rate 

(g)  Test  data  required 

Two  separate  systems  must  be  considered:  the  mechanical  loading  system 
and  the  thermal  loading  system.  The  procedure  used  for  developing  the  mechanical 
loading  system  is  discussed  first,  followed  by  a  discussion  of  a  method  used  for 
designing  heating  and  cooling  systems  and  their  integration  with  the  loading 
system. 

1.2. 2.1  Mechanical  Loading  System  Design  Methods  -  Alternates  to  the  typi¬ 
cal  whiffletree-loading  pad  arrangement  of  applying  loads  include  penumatic  or 
hydrostatic  pressure  systems.  The  use  of  either  loading  system  requires  seal¬ 
ing  of  the  test  structure.  Sealants  are  undesirable  on  structural  test  vehicles 
because  they  tend  to  conceal  incipient  failures.  Also,  the  complexity  of  a  dis¬ 
tributed  pneumatic  or  hydrostatic  pressure  loading  system  for  the  testing  of  a 
large  structure  is  prohibitive;  especially  when  inertia  loads  and  thermal  con¬ 
ditions  are  to  be  applied  simultaneously.  Therefore,  the  whiffletree  system 
remains  the  most  attractive  loading  technique  for  the  structures  considered. 

The  use  of  bonded  loading  pads  over  a  large  portion  of  the  loaded  surface 
is  satisfactory  for  room  temperature  or  steady  state  elevated  temperatures  up 
to  about  500°F  (limited  by  the  adhesive).  However,  the  presence  of  the  overall 
pad  system  changes  the  thermal  mass  of  the  test  article  and  the  pad  system 
interferes  with  the  heating  and  cooling  system  because  it  covers  the  surface. 

The  best  approach  to  the  simultaneous  simulation  of  transient  thermal 
environment  and  loads  has  been  judged  to  be  the  application  of  a  limited 
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number  of  concentrated  external  loads  which  may  cause  undesirable  localized 
thermal  and  structural  discontinuities  but  will  develop  the  proper  overall 
structural  and  thermal  loadings.  This  approach  may  require  some  supplementary 
element  tests  to  determine  and  verify  local  effects.  The  loading  of  the  struc¬ 
ture  can  be  accomplished  by  straight-forward  application  of  successive  single 
tree-whiffletree  systems  to  combine  many  individual  loads  into  a  minimum  num¬ 
ber  of  applied  consolidated  loads. 

Using  the  loading  requirements  and  methods  previously  described,  the  num¬ 
ber  of  structural  loading  control  channels  required  for  fatigue  and  ultimate 
strength  testing  of  the  Mach  3-^  vehicle  has  been  determined  and  is  shown  in 
Table  V.  It  can  be  seen,  as  also  shown  in  Figure  1,  that  the  86  channels  for 
structural  loading  reportedly  available  at  the  WPAFB  facility  are  not  sufficient 
for  all  approaches;  315  channels  would  be  required  for  structural  loading  of 
the  full-scale  complete  vehicle. 

1.2. 2. 2  Thermal  System  Design  Methods  -  Three  alternate  methods  were  con¬ 
sidered  to  develop  flight  temperature  distributions  within  a  laboratory  specimen: 

(a)  Program  heat  fluxes  on  the  surface  skins  using  analytically 
determined  or  flight-measured  values 

(b)  Program  external  and  internal  temperatures  to  match  desired 
thermal  stresses  (or  program  thermal  stresses  and  control  the 
temperatures  to  match  the  desired  thermal  stresses) 

(c)  Program  external  surface  temperatures  to  match  analytically 
determined  or  flight  measured  values 

The  latter  approach  was  selected  bo  compute  test  facility  requirements. 

This  choice  of  thermal  environment  control  may  affect  absolute  costs  but  not 
relative  costs  between  the  various  techniques. 

Usual  systems  of  simulating  flight  thermal  environments  on  large  test 
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TABLE  V 

SUMMARY  OF  ESTIMATED  TEST  FACILITIES  REQUIREMENTS 

MACH  3-4  VEHICLE 


Motes 

1 1»  See  F»tyit  SI  tot  co^r-ent  locations. 


articles  apply  heat  by  electrically  powered  and  controlled  lamps,  and  remove 
heat  by  radiation  heat  sinks  cnd/or  forced  external  convection.  In-flight 
cooling  of  a  vehicle  generally  includes  both  free  surface  radiation  and  con¬ 
vective  losses;  however,  cooling  in  the  laboratory  muot  be  obtained  by  external 
convection  with  rates  large  enough  to  compensate  for  the  lack  of  free  surface 
radiation.  The  laboratory  thermal  environment  control  system  must  therefore 
effectively  couple  a  rau.' amt  heat  source  with  a  convective  heat  sink  to  accom¬ 
plish  the  necessary  programming  of  both  heating  and  cooling  rates  or  tempera¬ 
ture  vs.  time  profiles.  Heating  requirements  generally  are  evaluated  under 
the  assumption  that  the  vehicle  external  surfaces  are  radiating  to  a  free  atmos¬ 
phere  ac  a  temperature  of  -60°  to  +80°F.  In  a  thermal  test  set-up  using  infra¬ 
red  lamp-reflector  systems ,  the  vehicle  external  surfaces  re-radiate  to  the 
heating  systen  reflector  which  may  be  allowed  to  approach  the  vehicle  surface 
test  temperature  or  may  be  kept  cool;  but  in  either  case,  it  will  generally  be, 
by  its  design,  a  good  infrared  reflector.  Therefore,  the  tost  heating  require¬ 
ment  will  be  less  than  mission  requirements,  and  the  cooling  requirements  will 
be  greater  than  those  shown  in  the  heating  and  cooling  requirements  curves 
determined  for  mission  conditions. 

A  comparison  of  the  equations  governing  in-flight  heat  transfer  and  test 
facility  heat  transfer  is  useful  in  evaluating  this  difference  in  heating  require¬ 
ments.  In-flight  heating  is  basically  convective  (neglecting  hypervelocity  shock 
front  radiance)  and  can  be  represented  in  the  form 

^f( local)  -  ^f( local )^aw  ”  ^s^ (local)  ^ 

In  the  test,  an  actual  control  point  temperature  is  measured  by  a  thermocouple 

suitably  attached  to  the  test  vehicle  at  the  control  point  location.  The 

thermocouple  output  is  continuously  compared  with  the  required  temperature. 

An  imbalance  between  the  thermocouple  output  and  the  function  generator  output 
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results  in  an  error  signal.  Heat  is  controlled  by  regulating  the  effective 
voltage  applied  to  the  heat  lamps  •,  coolant  regulation  systems  employ  valve 
control  of  the  coolant.  The  surface  heating  rate  at  any  point  in  the  test 
control  zone  is  directly  proportional  to  the  surface  heating  rate  demand  at 
the  program  control  point  (control  thermocouple)  location  and  is  independent 
of  the  local  surface  temperature  at  any  other  point  in  the  test  control  zone. 
",'.iic  may  be  stated: 

\( local)  *Si  ^h( control  point)  ^ 

The  local  cooling  rate  (negative  heating  rate)  control  is  accomplished  by 

variations  in  the  local  coolant  mass  flow  rate  which,  in  turn,  is  controlled 
by  coolant  source  pressure  regulation.  Regulation  of  coolant  source  pressure 
is ,  in  effect ,  a  programmed  regulation  of  the  convective  heat  transfer  coeffi¬ 
cient  (h£).  Assuming  a  constant  coolant  souice  temperature,  the  local  surface 
cooling  rate  at  any  point  can  be  expressed  by: 

^c(local)  ^c(local) ^Tc  Ts^(local)  -kc^c( control  point )^Tc~Ts^ (local)  ^ 

It  can  be  seen  from  Equation  3  that  the  local  cooling  rate  at  any  point  is 

depender..  upon  the  local  surface  temperature  as  well  as  upon  the  control  point 
cooling  rate. 

Inspection  of  Equations  1,  2,  and  3  will  show  that  the  test  local  cooling 
rates  can  closely  approximate  mission  local  cooling  rates  in  control  zones, 
with  a  wide  variation  of  local  surface  temperatures,  if  test  heat  transfer 
coefficients  do  not  have  large  local  variations.  This  is  not  the  case  for  the 
test  heating  simulation.  The  test  local  heating  rates  can  approximate  the 
flight  local  heating  rates  only  when  the  flight  surface  temperatures  do  not 
have  large  variations  within  the  control  zone.  This  is  because  in-flight 
heating  is  a  function  of  the  difference  -'f  the  surface  and  boundary  layer  tem¬ 
perature,  while  laboratory  heating  is  a  function  only  of  the  heating  rate 
required  at  the  control  node . 
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In  the  past,  the  non-homogeneous  heat  capacity  of  structures  and  the 
resulting  temperature  non-uniformities  causing  the  simulation  difficulties 
previously  described  have  been  partially  compensated  by  the  use  of  a  rela¬ 
tively  high  density  of  control  cones  on  the  specimen  surface  to  minimize  the 
range  of  temperature  in  any  zone.  This  has  been  possible  because  of  the  rela¬ 
tively  small  size  of  specimens  and  an  adequate  number  of  control  channels  have 
been  available.  However,  in  attempting  to  test  a  structure  with  a  very  large 
heated  area  with  relatively  low  local  heating  rates,  the  test  system  may  be 
unable  to  provide  a  sufficient  number  of  control  zones  to  obtain  the  proper 
(design)  temperature  distributions. 

1.2. 2. 2.1  Heating  Rate  Control  -  A  study  of  available  information  on 
lamp  system  energy  outputs  and  applied  power  requirements  was  made  to  deter¬ 
mine  radiant  heat  lamps  and  lampbank  configurations  that  could  be  best  uti¬ 
lized  in  obtaining  required  specimen  heabing  rates. 

The  heat  flux  levels  one  inch  away  from  the  center  of  operating  lampbanks 
with  gold  reflectors  within  1.5  inches  from  the  lamps  was  experimentally  deter¬ 
mined  and  permitted  the  computation  of  lamp  efficiency.  These  calculations 
indicated  that  a  65  percent  lamp  efficiency  can  be  expected  at  that  distance 
from  the  lampbank;  that  is,  a  black  body  surface  would  receive  65  percent  of 
the  power  that  the  heating  system  consumed.  Variation  in  reflector  type  or 
in  reflector  lamp  separation  will  result  in  somewhat  different  efficiencies. 

The  variation  of  system  efficiency  with  the  distance  from  the  lamp  filaments 
to  the  irradiated  specimen  was  also  determined  experimentally.  The  heat  flux 
was  measured  at  various  distances  from  the  center  of  a  lampbank  operating  at 
several  power  input  levels.  Similar  measurements  for  lamps  of  different  power 
rating  indicated  the  same  efficiency  variation  with  spatial  position.  The 
results  of  these  efficiency  studies  are  shown  in  Figure  3*J. 
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Notes: 

1.  0.5  inch  filament  spacing. 

2.  Lampbank  and  specimen  in  parallel  planes. 


Curves  of  heat  flux  have  been  plotted  in  terms  of  lamp  applied  voltage 
and  current;  an  example  is  presented  in  Figure  35*  The  combined  use  of  data 
similar  to  that  presented  in  Figures  3^  and  35  with  required  heating  rate  data 
presented  in  Subsection  1.2.1  allowed  the  selection  of  specimen  to  lamp  dis¬ 
tance.  lamp  filament  spacing,  and  lamp  type  for  the  testing  considered. 

1.2. 2. 2. 2  Cooling  Rate  Control  -  The  specimen  cooling  rates  are  equally 
as  important  as  the  heating  rates  in  their  effect  upon  the  structure,  and  in 
some  cases  are  more  difficult  to  obtain  and  control.  A  vehicle  in  the  descent 
and  landing  portion  of  a  flight  is  cooled  by  forced  convection  and  by  external 
radiation,  while  in  the  laboratory,  there  is  only  a  small  amount  of  heat  removal 
by  natural  convection.  Since  laboratory  radiation  heat  transfer  rates  are  less 
than  those  experienced  in  flight,  there  remains  a  net  cooling  required  which 
can  be  met  only  by  the  use  of  a  controlled  convective  cooling  system.  At  typical 
temperatures  of  the  Mach  3-^  vehicle,  the  effectiveness  of  heat  removal  by  radi¬ 
ation  rapidly  diminishes  as  the  temperature  of  the  stri  ;ture  approaches  the  lab¬ 
oratory  ambient  temperature,  as  shown  in  Figure  18.  It  is,  therefore,  necessary 
to  provide  a  convective  cooling  method  if  this  portion  of  the  flight  is  to  be 
simulated.  However,  as  indicated  in  Figure  31,  the  critical  design  condition  or 
conditions  for  ultimate  strength  are  expected  to  occur  during  the  climb  or 
cruise  portions  of  the  flight;  hence,  cooling  is  not  usually  required  for  ulti¬ 
mate  strength  verification  testing.  However,  for  continuity  and  completeness, 
the  cooling  system  design  will  also  be  discussed  in  this  section  rather  Lhan  in 
Section  VII  where  it  will  be  required  for  mission  temperature  testing. 

By  using  cooling  discharge  orifices  in  the  surfaces  of  the  reflectors  of 
the  heating  system,  it  is  possible  to  incorporate  a  cooling  system  within  the 
heating  system,  thus  producing  a  modular  temperature  control  unit.  Streams  of 
air  (or  cooled  gas)  issuing  from  these  orifices,  passing  between  the  heat  ^.amps 
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Figure  35  -  Current  Density  and  Voltage  as  a  Function  of 
Lampbank  Radiance  and  Lamp  Spacing 


and  impinging  normally  on  the  surface  to  be  cooled,  result  in  a  relatively 
efficient  and  controllable  cooling  system.  The  cooling  rate  can  be  controlled 
by  varying  the  coolant  air  mass  flow  rate  and/or  the  coolant  air  temperature 
and  by  applying  power  to  the  lamps  (to  1 ower  the  cooling  rate).  The  coolant 
mass  flow  rate  can  be  readily  varied  b'  '  jntrolling  the  pressure  upstream  from 
the  orifice;  however,  the  coolant  ai  temperature  cannot  be  varied  without  the 
inclusion  of  more  elaborate  hardware  in  the  system.  Therefore,  maintaining  the 
coolant  air  temperature  constant  at  laboratory  supply  temperatures  and  varying 
the  coolant  mass  flow  rate  appears  to  be  the  best  method  of  cooling  rate  con¬ 
trol.  Integration  of  the  heating  and  cooling  systems  also  provides  for  inter¬ 
locking  temperature  control  during  all  phases  of  the  thermal  cycle. 

To  facilitate  the  general  design  of  a  system  capable  of  producing  the 
cooling  rates  required  in  any  given  test,  a  collection  of  parametric  curves  was 
developed  based  on  the  data  appearing  in  Reference  h.  The  geometric,  pressure, 
and  orifice  parameters  were  combined  to  allow  graphical  determination  of  specimen- 
to-orifice  spacings,  orifice-to-orifice  spacings  and  orifice  diameter  for  speci¬ 
fied  design  conditions.  These  design  conditions  included  specimen  temperature, 
required  cooling  rates,  coolant  pressure  and  temperature,  and  compatibility  of 
the  heating  and  cooling  system  spacings.  Having  determined  the  size  and  spacing 
of  orifices  necessary  to  obtain  the  required  specimen  cooling  rate  and  knowing 
the  maximum  pressure  to  be  used,  it  is  then  possible  to  calculate  the  total 
required  instantaneous  volumetric  airflow.  By  multiplying  the  orifice  discharge 
i-ale  by  the  number  of  orifices  in  the  system,  the  maximum  instantaneous  volu¬ 
metric  demand  on  the  source  is  determined. 

Greater  uncertainty  exists  in  the  analytic  design  of  the  cooling  system 
than  of  the  heating  system,  resulting  in  greater  uncertainty  in  the  computed 
values  of  required  mass  flow,  number  of  controllers  and  orifices,  etc.,  than 
in  the  computed  values  for  heating  system. 
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1.2. 2. 3  Application  of  Thermal  System  Design  Methods  -  The  data  presented 
in  the  previous  paragraphs  have  been  used  to  determine  the  system  requirements 
for  heating  and  cooling  the  complete  Mach  3-^  vehicle. 

Using  the  maximum  heating  rates  computed  fo..  various  areas  of  the  vehicle, 
efficient  heat  lamp  size  and  spacing  were  determined,  and  the  required  voltage 
and  current  density  computed.  It  was  found  that  to  obtain  the  minimum  current 
density  (power  controller  applications  are  generally  limited  by  current  require¬ 
ments),  a  2500  T3CL  lamp  at  inch  spacing  must  be  used  throughout,  and  peak 

operating  levels  would  be  from  230  to  2J0  volts  across  each  lamp  with  current 

2 

densities  of  5  to  5-5  amps/ft  . 

The  peak  power  required  to  heat  the  complete  Mach  3-h  vehicle  is  about 

13,200  KW,  which  is  well  within  the  capabilities  of  the  WPAFB  facilities. 

2 

This  power  was  computed  using  a  current  density  of  5.5  amp/ft  and  a  voltage 
of  275  volts.  Approximately  20,200  lamps  would,  be  required  to  heat  the  full- 
scale  complete  vehicle.  Because  of  the  increase  in  system  application  efficiency 
by  operating  at  high  voltage-low  current,  the  lamps  could  be  connected  in  series 
pairs  and  operate  at  near  the  600  volt  capacity  of  the  system.  This  would  reduce 
the  number  of  control  channels  required,  while  keeping  the  current  low.  A  dis¬ 
advantage  in  connecting  the  lamps  in  series  is  that  if  one  lamp  fails  both 
lamps  will  become  inoperable.  This  effect  could  be  minimized  by  alternating 
spacings  of  serviced  lamp  pairs  so  that  adjacent  lamps  were  not  in  series. 

With  the  power  input  and  the  number  of  lamps  established  for  peak  heating 
requirements,  the  number  of  channels  required  to  control  heating  can  be  approxi¬ 
mated.  The  test  facilities  at  WPAFB,  as  reported  in  Reference  2,  have  a  capacity 
of  80  power  control  channels  at  580  KW  with  ^0  channels  being  capable  of  division 
into  550  sub-channels  at  25  KW  and  210  sub-channels  at  50  KW,  all  operating  at 
600  volts.  It  is  estimated  that  these  facilities  would  be  a 'equate  for  the 
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operation  of  the  approximately  20 ,200  lamps  in  series  pairs  required  for 
heating  and  cooling  the  full-scale  complete  Mach  3-*4  vehicle  studied  in  this 
report . 

The  required  cooling  rates,  orifice  spacings,  and  coolant  flow  require¬ 
ments  were  determined  using  the  previously  discussed  cooling  system  design 
methods.  A  source  pressure  of  80  psia  was  assumed.  An  orifice  diameter  of 
1/8  inch  with  orifices  spaced  approximately  5.75  inches  apart  and  with  a  test 

specimen  to  orifice  spacing  of  5  inches  was  found  to  provide  the  required  cool- 
2 

ing  rate  (BTU/ft  -hr)  shown  in  Table  V.  The  test  specimen  to  orifice  spacing 
of  5  inches  was  selected  to  provide  the  required  cooling  rate;  this  is  consis¬ 
tent  with  the  expected  specimen  to  lamp  spacing.  The  orifice-to-orifice  spacing 
provides  reasonably  small  cooling  gradients  in  the  plane  of  the  surface;  a  larger 
orifice  spacing  would  generate  larger  cooling  gradients  in  the  plane  of  the  sur¬ 
face  which  would  alter  the  thermal  stresses. 

With  the  assumed  orifice  diameter  and  air  source  pressure,  an  air  flow  per 
•orifice  of  1^.75  SCFM  is  required.  With  the  orifice  coverage  areas  established 
and  using  a  full-scale  planform  area  of  6000  square  feet ,  it  was  possible  to 
evaluate  the  rates  of  air  flow  at  80°F  required  to  cool  the  specimen;  the  full- 
scale  Mach  3-1*  aircraft  would  require  approximately  796,000  SCFM. 

If  the  coolant  air  temperature  were  lower  than  room  temperature,  the  amount 
of  coolant  required  would  be  decreased;  however,  the  cost  to  cool  the  air  may  be 
greater  than  the  cost  to  provide  a  greater  volume  of  air  at  room  temperature. 

1.2.3  Cost  Analysis  -  To  establish  cost  effectiveness  of  the  various 
alternate  approaches,  a  cost  estimate  for  each  approach  was  determined;  however, 
the  primary  objective  in  performing  such  cost  analyses  in  this  study  was  the 
determination  of  relative  costs.  The  major  areas  considered  were: 

(a)  Engineering  design  costs 
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(b)  Manufacturing  costs 

(c)  Testing  costs 

The  cost  for  engineering  design  includes  drawing  preparation,  test  mon¬ 
itoring,  and  analysis.  However,  for  full-scale  complete  vehicle  testing  these 
costs  were  found  not  to  be  significant  because  it  was  assumed  that  none  of  the 
prototype  design  costs  need  be  included,  i.e.,  prototype  drawings  are  available, 
and  test  monitoring  and  analysis,  although  important  in  the  attainment  of  valid 
test  results,  did  not  significantly  add  to  the  test  costs.  Therefore,  engi¬ 
neering  costs  have  been  concluded  to  be  relatively  unimportant  in  complete 
vehicle  testing. 

The  cost  for  manufacturing  includes  tooling  and  fabrication  of  the  test 
specimen.  As  in  the  engineering  cost  analysis,  ?t  was  assumed  that  tooling  for 
the  prototype  vehicle  was  available,  so  its  cost  was  not  included  in  complete 
vehicle  testing  costs.  Fabrication  of  the  test  specimen  and  the  test  specimen 
material  have  been  included.  Material  costs  were  computed  in  a  direct  manner, 
based  upon  the  estimated  structural  weight  of  the  vehicle.  Fabrication  costs 
have  been  determined  using  the  usual  estimation  techniques;  that  is,  a  combina¬ 
tion  of  the  statistical  approach  based  upon  planform  area  and  weight  and  judgment 
of  the  complexity  of  the  construction. 

Laboratory  testing  costs  include  design  of  the  test  jig,  design  of  instru¬ 
mentation  and  monitoring  system,  fabrication  of  the  test  jig,  installation  of 
test  specimen  and  instrumentation,  and  test  performance.  The  design  and  fab¬ 
rication  costs  were  determined  using  a  combination  of  the  statistical  approach 
based  upon  planform  area  and  weight  and  judgment  of  complexity;  test  jig  costs 
were  determined  from  the  estimate  of  jig  weight  and  the  number  of  strain  gages, 
thermocouples,  actuators,  and  lamps  required;  and  the  equipment  reliability  and 
useful  life  were  also  included  in  the  cost  estimation.  Since  it  was  assumed 
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that  all  control  equipment  needed  would  be  available,  the  cost  for  such  equip¬ 
ment  was  not  included  in  the  analysis.  Test  performance  costs,  i.e.,  the  man¬ 
hours  required  for  actual  test  conductance,  were  found  not  to  be  significant 
for  ultimate  strength  testing  in  comparison  to  the  other  costs. 

Although  the  test  cost  of  any  technique  would  be  influenced  by  the  choice 
of  test  facility,  the  priority  of  the  test  program,  and  by  the  degree  of  accu¬ 
racy  desired,  the  relative  costs  would  not  be  significantly  affected  by  these 
choices;  therefore,  all  costs  are  presented  on  a  relative  basis.  The  base  cost 
value  for  comparison  purposes  is  the  ultimate  strength  verification  of  the  full- 
scale  complete  vehicle,  performed  at  room  temperature.  The  relative  man-hour 
costs  are  shown  in  Figure  36,  and  the  dollar  costs  in  Figure  37-  The  total 
man-hour  cost  of  this  test  is  in  the  range  of  1.5  to  2.5  million  man-hours  and 
the  corresponding  dollar  cost  is  20  to  U0  million  dollars .  It  should  be  care¬ 
fully  noted  that  the  costs,  both  unit  and  total,  are  based  on  estimates  derived 
from  what  are  believed  to  be  reasonably  representative,  typical  data;  however, 
they  should  be  considered  as  gross,  first  level  approximations  to  actual  costs. 
The  relative  cost  estimates  have  greater  accuracy  than  any  single  absolute  cost. 

1.2. It  Conclusions  -  The  following  conclusions  may  be  drawn  relating  to  the 
full-scale  complete  vehicle  ultimate  strength  verification  testing  of  the 
Mach  3-*t  vehicle: 

(a)  The  effects  of  internal  radiation  within  the  wing  enclosure  on 
thermal  stresses  are  significant. 

(b)  The  effects  of  variations  in  the  interface  conductance  between 
the  surfaces  of  the  wing  cross  section  on  thermal  stresses  are 
not  significant. 

(c)  The  effects  of  variations  in  air  pressure  within  the  wing  cross 
section  enclosure  on  thermal  stresses  are  not  significant. 
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F«(jue  Te*f  fig 


Figure  36  -  Comparison  of  Relative  Man-hour  Requirements  for  Basic  Approaches 

Mach  3-4  Vehicle 


Mig„e  Svengtn  Tew, 
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Figure  37  -  Comparison  of  Relative  Dollar  Costs  for  Basic  Approaches 

Mach  3~4  Vehicle 


(d)  Relatively  small  test  control  temperature  error  may  be  expected  to 
cause  significant  deviations  in  tnermal  stresses. 

(e)  Thermal  stresses  do  not  significantly  affect  the  ultimate  strength 
oi  the  wing  cross  section,  mitigating  any  errors  in  thermal  stress 
simulation  caused  by  (a)  or  (d). 

(f)  For  the  mission  temperature  test  of  a  complete  Mach  3-**  vehicle, 

2 

heating  requirements,  either  BTU/hr  or  BTU/ft  -hr,  are  not  a 
serious  problem.  The  significant  heating  problems  are  associated 
with  equipment  reliability,  the  possibility  of  producing  some 
serious  unwanted  and  unforeseen  thermal  effect,  and  the  difficulty 
of  controlling  temperatures  over  large  areas. 

(g)  Test  cooling  requirements  for  the  Mach  3-^  vehicle  are  much  more 
restrictive;  this  is  true  since  this  vehicle  requires  large 
cooling  rates  at  moderate  temperatures  where  re-radiation  is 
not  significant. 

(h)  The  cost  of  test  jig  design  and  fabrication  and  of  specimen  fab¬ 
rication  are  the  most  signifies. „  costs  for  complete  vehicle 
ultimate  strength  tests, 

1.3  Model  Testing  -  In  the  following  subsection  the  ultimate  strength  veri¬ 
fication  of  the  Mach  3-h  vehicle  is  uiscusced  as  affected  by  the  basic  approach 
of  model  testing.  The  engineering  analysis,  test  facility  analysis,  coot 
analysis,  and  conclusions  are  presented  in  separate  subsections.  The  effects 
of  the  modeling  approach  on  vehicle  strength  in  test  are  determined  by  compari¬ 
sons  to  results  obtained  in  Subsection  1.2. 

1.3.1  Engineering  analysis  -  Theoretical  evaluation  of  structural  models 
using  dimensional  analysis  methods  reveals  three  types  of  variables: 

(a)  Variables  that  are  easily  scalable 
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(t>)  Variables  that  are  clearly  not  scalable 

(c)  Variables  that  may  be  scalable  in  themselves  but  are  not  compatible 
with  the  scal'.ng  requirements  of  other  variables 
A  summary  of  the  scaling  laws  for  the  first  type  of  variables  is  presented 
in  Table  VI.  Many  of  these  scaling  laws  are  given  in  the  literature;  most  can 
be  derived  by  simple  analysis.  For  example,  when  transient  heat  transfer  is 
restricted  to  the  conduction  mode ,  it  can  be  shown  that  in  order  to  maintain  the 
same  (homologous)  temperature  distribution  in  the  model  as  in  the  prototype, 
both  made  of  the  same  material: 


A  — 

~‘P 

This  equation  states  that  the  time  required  to  produce  the  prototype  thermal 
stress  in  the  model  is  scaled  as  the  square  of  the  geometric  scale  factor  when 
conduction  is  the  heat  transfer  mode.  An  event  occurring  in  four  minutes  in  the 
prototype  would  occur  in  one  minute  for  a  half-scale  model,  with  the  temperatures 
and  thermal  stresses  being  the  same  in  both  cases.  The  development  of  this  rela¬ 


tionship  is  presented  in  Subsection  1.3. 1.1.  If  radiation  is  the  heat  transfer 


mode,  a  different  result,  At  /At  =  n,  would  be  obtained;  also,  consideration 

m  p 

of  convective  heat  transfer  would  yield  approximately  the  same  result.  The 


following  criteria  must  be  met  for  exact  true  scaling  to  occur  for  all  modes 
of  heat  transfer,  if  time  is  scaled  as  required  for  conduction  (l/n‘): 


c 

m 
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TABLE  VI 

SUMMARY  OF  SCALING  RELATf  UNSHIPS 


General  Scalable  Relationships 


Parameter 

Units 

Symbol 

Scale  Factor 

Geometry 
Temperature^ 
Stress  ^ 

Ft. 

°R 

Lb/ft2 

H 

*-nAp=  n 

^n/^p  =  * 

^m^p =  ^ 

Time 

Sec 

t  h  ,  n2 

m  p  , 

Total  heat 

BTU 

H 

^n/^p  =  R 

Heat  flux 

GTU/ft2-sec 

u 

vV1/n 

Deformation 

Ft 

n 

Sffl/Sp  =  n 

External  load 

Lb 

Us 

^m^p= 

Externa!  moment 

Ft-lb 

M 

Mm/Mp=  n2 

Strength  Relationship 


Loading 

Strength  is  a  Function  of: 

Scale  Factor 

Local  element  crippling 

^cy*  y  V^c/^ 

^cc-nAcc-p  =  1 

Local  element  buckling 

Fcy’  y  VFcy^ 

F  /F  - 1 

1  cr-m'rcc-p  1 

Inter-rivet  buckling 

p/t 

F  'F  - 1 
rc-nv  rc-p-  1 

Rivet  shear  strength 

d/t 

^s-nAs-p  =  * 

Flat  web  shear  buckling 

t/b 

rcr-n/rcr-p = * 

Column  buckling  (long) 

L  % 

F  /F  - 1 
r  c-nv 1  c-p  ~  1 

Column  buckling  (short) 

L'/p.Fcc 

^c-nAc-p =  ^ 

Assumptions:  1.  Identical  model  and  prototype  materials,  temperatures  and  stress  levels. 
2.  Conduci.oti  10  the  primary  mode  of  heat  transfer  within  the  structure. 


Subscripts:  m  =  Model 

p  =  Prototype 


The  many  other  variables  which  fall  into  categories  (b)  and  (c)  are  sum¬ 
marized  in  Table  VII.  It  is  these  variables  that  have  received  the  greatest 
attention  during  this  study. 

1.3. 1.1  Aspects  of  Modeling  -  In  some  situations,  an  experimental  investi¬ 
gation  has,  as  a  primary  purpose,  the  determination  of  temperatures  and  tempera¬ 
ture  gradients.  Several  methods  of  thermodynamic  modeling  with  the  above  objec¬ 
tive  appear  in  the  literature;  they  can  be  categorized  as  either  "temperature 
preservation"  or  "material  preservation."  In  the  "temperature  preservation" 
method,  temperatures  at  homologous  locations  in  model  and  prototype  are  identi¬ 
cal,  and  thermal  conductivity  of  materials  in  the  scale  model  may  differ  from 
those  of  prototype  through  use  of  a  different  material.  The  second  alternative 
is  "material  preservation,"  where  identical  materials  are  employed  in  the  model 
and  in  the  prototype.  Temperatures  at  homologous  locations  in  model  and  oroto- 
type  are  not  identical,  but  are  in  a  fixed  ratio,  depending  on  the  geometric 
scale  factor.  Prototype  geometry  is  usually  scaled  identically  in  all  directions 

While  the  above  techniques  prove  useful  for  applications  where  only  informa¬ 
tion  concerning  temperature  distributions  is  required,  they  are  riot  applicable 
to  a  thermal-structural  verification  program.  The  use  of  different  materials 
in  the  model  and  the  prototype  would  not  be  acceptable  in  such  a  program;  the 
engineering  confidence  in  the  xest  results  would  be  low.  Similarly,  the  use 
of  a  model  with  geometries  scaled  differently  along  the  three  orthogonal  axes 
(which  may  be  done  to  obta:n  more  exact  temperature  distributions)  is  also  not 


auttpoauxc  .  xauxc  n.  xuixj.  -auco  ouau  tucux  c  o  j. CaxJL.y  ?  an  uiiucitaiuna  onuuiu  uc 
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-U  J  V 


scaled  proportionally,  if  all  strengths  are  to  be  scaled  proportionally,  and 
the  prototype  and  model  must  be  fabricated  of  the  same  materials,  if  adequate 
confidence  in  the  approach  is  to  be  attained. 

A  discussion  of  scaling  relationships  for  thermal-structural  modeling  may 
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TABLE  VI! 

SUMMARY  OF  NQN-SCALABLE  PARAMETERS 


Parameter 

Units 

Symbol 

Expected  Scalp  Factor  (3) 

Desired  Scale  Factor  (4) 

Category!  1,5) 

Natural  frequency 

Cycles/s., 

f 

V*p  =  n 

'Jr"2 

b. 

Joint  conductance 

BTU/ft2-sec°R 

C 

w 

<Wl/n 

b. 

Surface  emissivity 

None 

C 

fo/fp  =  1 

fnAp  =  */n 

b. 

Creep 

In./in. 

( 

f  m/fp  <  1 

fm/f|) =  * 

b. 

Convective  heat  transfer 

BTU/ft2-sec°F 

h 

^nAp  =  * 

hm/hp=|/n 

b. 

Spot  weld  strength 

Lb/in. 

P 

w 

Pm/Pp=> 

c. 

Honeycomb  shear  strength 

Lb/in.2 

F 

Fm'  Fp  <  * 

F»/Fr' 

c. 

Material  ultimate  strength 

Lb/in.2 

Ftu 

^tu-nAtu-p5,  ’ 

Ftu-m/Ftu-p  =  1 

c. 

Mateiial  yield  strength 

Lb/in.2 

rty 

Fty-m/,Ftyrp>  1 

Fty-n/Fty-p=  1 

c. 

Fatigue  life  (general) 

Cycles 

N 

N(n/Np>  1 

Nm/Np  =  1 

c. 

Ratio  Nm/Np  as  affected  by: 

Factor 

VNp 

Surface  finish 

mam 

In.-R.M.S. 

O 

ffm/<7p  55 1 

am/ffp=n 

c. 

Specimen  size 

mm 

In. 

L 

*-nAp“  n 

^nAp  = ' 

c. 

Tolerances 

EH 

In. 

A 

Am/Ap  =  1 

“  n 

v  b. 

Cyclic  rate 

I 

Cycles/sec 

f 

*n/fp  =  ^ 

W 

c. 

Stress  gradient 

am 

Lb/in.2 

f* 

pnAp  = 

Pu/Pp  =  * 

b 

Notes: 

(1)  Assumptions:  Identical  model  and  prototype  materials,  temperatures  and  stress  levels. 

Conduction  is  the  primary  mode  of  heat  transfer  within  the  structure. 

(2)  Subscripts:  m-  Model 

p  -  Prototype 

(3)  Values  which  will  result  from  available  fabrication  techniques  and  material  gauges. 

(4)  Scale  factor  desired,  compatible  with  assumption  of  conduction  as  primary  mode  of  heal  liansfer. 
tb)  Categories  as  described  in  Suosection  1.3.1. 

b.  Parameters  clearly  not  scalable  or  scalable  with  great  difficulty. 

c.  Parameters  sometimes  not  scalable. 
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be  used  for  illustration.  Initially,  conduction  is  assumed  to  be  the  only 
mode  of  heat  transfer  within  the  structure.  In  either  the  model  or  the  proto¬ 
type  ,  the  net  heat  transferred  to  or  from  an  element  by  conduction  is  balanced 
by  a  subsequent  increase  or  decrease  in  stored  energy  resulting  in  a  tempera¬ 
ture  change: 

p  Vc  dT  _  kA  dT  (4) 

P  dx  dL 


Within  the  prototype  and  the  model,  respectively: 


p  V  c  k  A  dTp 

P  P  p-PdT=  P  PdL 

P  P 

(5a) 

dT  ,  .  dT 

P  V  c  m  k  A  m 

m  m  p-m  - —  =  m  m  — — 
dr  dL 

m  m 

(5b) 

The  length, 

area,  and  volume  scale  from  prototype  to  model 

in  the  following 

manner : 

L  =  nL 
m  p 

(6a) 

A  =  n2A 

It!  P 

(6b) 

V  =  n3V  (n  <  1) 

m  p 

(6c) 

Requiring  the  temperature  distributions  to  remain  the  same  in  prototype  and 
model : 


T  (x  ,  L  )  =  T  (t  ,  L  ) 
p  p  p  m  m  m 

Substituting  equations  6  and  7  into  equation  5b: 

3  „  dT  .  .  dT 

npVc  p  n  k  A  p 

m  p  p-m  -r— ^  =  m  p 

r  r  dx  r  dL 

m  p 

Requiring  the  material  to  be  the  same  in  prototype  and  model: 


k  =  k 
p  m 


(7) 

(8) 

(9a) 


(9b) 


c  =  c 
p-p  p-m 


(9c) 
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Substitution  of  equations  9  into  equation  8  results  in: 

n3  P  V  c  n  k  A 

P  P  P-PdT  =  P  piL 

m  p 


Simplifying: 


n2pVc  dTp  k  A  dTp 

P  ?  P"PdT=  P  PdL 

m  p 


Comparison  of  equations  5a  and  10b  clearly  requires 

dr 


m 


dT 


-=n2 


(10a) 


(10b) 


(11) 


Thus,  scaling  for  a  conduction  heat  transfer  process  requires  that  times 

2 

between  prototype  to  model  systems  be  scaled  as  n  .  An  event  occurring  in  four 

minutes  for  the  prototype  must,  therefore,  occur  in  one  minute  for  a  half-scale 

model  in  order  to  have  the  same  T  and  T  . 

p  m 

Heat  transfer  rates  obtained  from  other  modes  of  energy  transfer  must  be 
the  same  as  indicated  in  equations  5a  and  5b  in  order  to  preserve  this  time  scal¬ 
ing.  The  rates  of  heat  transfer  for  a  scaled  element  to  the  rate  for  the  proto¬ 
type  element  must  be: 


AmSn 

Vp 


q  ,  p  V  c  dT  dx  3  dx 

^storage  ,m  _  m  m  m  m  p  _  n  p 

q  .  p  V  c  dT  dx  dx 

storage  ,p  P  P  P  P  m  m 


Substituting  equation  11  into  equation  12  leaves 


AmSn 

apS 


=  n3(i/n  2) 


n 


(12) 


(13) 


This  means  that  all  model  heat  transfer  rates  (in  3TU/hr)  from  element 
to  element  must  be  n  times  that  of  the  prototype  for  all  modes.  The  heat  trans¬ 
fer  rates  of  radiation,  convection,  and  interface  conduction  are  described  by: 


=  c  (Tx  -  Tg) 


-  T14  ) 

2 

(l»ta) 

t2) 

(l*»b) 

V 

(l»«c) 

In  order  that  the  relationship  indicated  by  equation  13  be  satisfied,  the 
material  constants  e,  h,  C  of  the  model  must  have  particular  values,  proportional 
to  those  of  the  prototype: 


e 

m 

A 

m 

e  2 
m  n 

n 

Therefore 

e 

m 

=  J2. 
n 

u 

(15a) 

1 

•oP* 

e 

P 

A 

P 

e 

P 

Vm 

h 

m 

A 

m 

h  2 
m  n 

n 

Therefore 

h 

m 

n 

- 

ri 

(15b) 

Vp~ 

h 

P 

A 

p 

h 

P 

11 

ii 

$ 

C 

m 

A 

m 

C  2 
m  n 

n 

Therefore 

C 

m 

11 

(15c) 

A  6  “  C  A  C 

P>  P  P  P 

2 

Thus,  with  time  scaling  as  n  ,  which  is  obtained  by  considering  the  conduc¬ 
tive  heat  transfer  to  be  governing,  it  is  required  that  the  emissivity,  the  con¬ 
vective  heating  coefficient,  and  the  joint  conductance  scale  inversely  with  the 
geometric  scale  factor. 

Re-examination  of  the  heat  balance  equations  by  considering  only  radiation 
yields  a  different  time  scaling  factor: 

pVc  dT  =  Feo(tJ  -  Tg)  A^ 
p  dx 

Utilizing  the  properties  of  homologous  temperature  distribution  and  material 
preservation,  including  a  time  scaling  for  a  pure  radiative  process 

yields : 


dT 

P 


The  natural  convection  within  an  enclosure  of  the  vehicle  is  also  a  mode  of 
heat  transfer  between  elements.  The  convective  heating  coefficient  is  a  function 
of  wall  geometry  and  temperature  gradient  between  the  air  and  wall  and  varies 
proportionally  with  the  square  root  of  pressure.  The  analyses  performed  for  the 
two  vehicles  studied  indicate  that  this  natural  convection  is  negligible  in  the 
overall  heat  transfer  process.  The  use  of  either  mission  or  laboratory 
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(l  atmosphere)  pressure  for  half-scale  models  has  been  found  to  have  an  insig¬ 
nificant  effect  of  the  overall  heat  transfer  process,  similar  to  the  full-seaie 
complete  vehicle  conclusion  discussed  in  Subsection  1.2.1. 

The  final  heat  transfer  process  to  be  considered  is  that  of  the  interface 

conductance,  which  is  dependent  upon  material  hardness,  surface  roughness, 

surface  flatness,  joint  contact  pressures,  and  the  presence  of  interstitial 

material.  While  the  emissivity  and  convective  heating  coefficients  may  be  pre- 

dic  lbly  changed,  the  interface  conductance  in  general  cannot  be  knowingly 

adjusted.  However,  no  great  difficulties  are  expected;  computer  analysis  of 

the  Mach  3-^  vehicle  wing  cross  section  indicate  that  for  the  range  of  expected 

2 

values  of  interface  conductance,  500  to  5000  BTU/ft  -sec.,  the  effect  on  struc¬ 
tural  temperatures  is  negligible  for  both  full  and  half-scale  structures. 

To  summarize,  Figure  38  illustrates  the  basic  conflicts  existing  between 
the  four  heat  transfer  processes  being  considered.  The  fundamental  differentia¬ 
tion  between  conduction  and  the  other  processes  is  that  the  reduction  in  the 
distance  between  the  elements  also  enhances  the  conduction;  that  is,  conduction 
is  affected  by  all  three  dimensions,  while  the  other  processes  are  affected  by 
area  alone.  Reducing  the  distance  between  elements  does  not  enhance  radiation, 
since  it  is  a  geometric  function  of  the  area  only.  Reducing  the  distance 
between  the  elements  enhances  the  convective  process  somewhat  but,  as  a  rough 
approximation,  it  is  also  a  function  of  the  area  only.  Similarly,  for  a 
single  value  of  interface  conductance,  C,  tl  rs  heat  transfer  rate  is  a  function 
of  area  only.  Therefore,  under  nominal  conditions,  model  emissivity,  convective 
heat  transfer,  and  interface  conductance  are,  for  a  half-scale  mode-,  only  half 
what  they  should  be  when  the  time  scale  is  predicted  with  conductive  heat  trans¬ 
fer;  their  respective  coefficients  require  doubling  over  the  value  present  in 
the  prototype  structure  to  be  consistent  with  the  conductive  time  scale  factor. 

10U 
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These  modeling  effects  were  studied  in  detail  by  analysis  of  a  half¬ 
scale  model  of  the  wing  cross  section  described  in  Subsection  1.2.1.  Discrep¬ 
ancies  between  the  full-scale  and  half-scale  wing  cross  section  temperatures 
occur  primarily  during  the  climb  portion  of  the  mission.  After  peak  heating 
occurs,  at  the  transition  between  climb  and  cruise,  surface  and  near-surface 
structural  temperatures  during  cruise  quickly  reach  equilibrium,  which  reduces 
the  differences  between  the  prototype  and  the  model  results.  Internal  nodes  of 
the  half-scale  model  heat  up  and  cool  more  slowly  during  transition  periods*  but 
steady-state  temperatures  in  both  the  full-scale  and  half-scale  structure  were 
found  to  be  nearly  the  same.  The  temperatures  for  node  70,  shown  in  Figure  19, 
are  of  interest  since  they  occur  at  the  location  which  heats  up  more  slowly 
than  any  other  location.  Nodes  90  and  111,  whose  temperature  histories  are 
shown  in  Figures  20  and  21,  respectively,  are  of  interest  because  they  are 

located  in  regi  is  of  maximum  stresses.  The  time  axis  of  these  figures  repre- 

2 

sent  actual  time  for  the  full-scale  structure  and  a  scaled  time,  t  =  1/n  t  , 

’  m  P 

t  =  a/lti  ,  for  the  half-scale  structure.  Were  all  modes  of  heat  transfer 
m  P 

properly  scaled,  the  temperature  time  histories  for  the  full-scale  prototype 
in  actual  time  and  the  half-scale  model  in  scaled  time  would  coincide  exactly. 
However,  no  attempt  has  been  made  to  improve  the  scaling;  rather,  values  for 
emissivity,  interface  conductance,  and  convective  heatinsr  coefficients  used 
for  the  half-scale  model  were  those  that  would  be  obtained  without  intentional 
modifications . 

1.3. 1.2  Effects  of  Modeling  on  Strength  Prediction  -  The  purpose  of  this 
portion  of  the  study  is  to  evaluate  the  effect  of  modeling  on: 

(a)  The  capability  to  produce  prototype  thermal  stresses  in  a  structural 
model . 
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(b)  The  capability  to  demonstrate  the  ultimate  strength  of  the  proto¬ 
type  vehicle  using  a  structural  model. 

Each  is  discussed  in  the  following  subsections. 

1.3. 1.2.1  Effect  of  Modeling  on  Thermal  Stresses  -  Using  the  temperature 
distributions  previously  described,  the  thermal  stresses  for  the  wing  cross 
section  with  the  corrugated  lower  wing  surface  have  been  computed  for  a. half¬ 
scale  model.  Figures  22  and  23  present  the  calculated  thermal  stresses  in 
the  wing  structure  at  nodes  90  and  121,  respectively.  These  nodal  locations 
are  shown  in  Figure  8.  As  described  previously,  node  90  is  near  the  spanwise 
joint  and  is,  therefore,  in  the  area  of  maximum  stress  concentration;  node  90 
is  at  the  location  of  maximum  tensile  thermal  stress.  Figures  22  and  23  indicate 
that  the  effects  of  scaling  are  not  as  large  as  those  associated  with  changes  in 
internal  radiation.  Figure  26  indicates  the  effect  of  emissivity  on  the  maximum 
thermal  stress  achieved  at  node  111  for  full-scale  and  half-scale  cross  sections. 
Variations  of  emissivity  can  therefore  be  expected  to  cause  significant  varia¬ 
tions  in  thermal  stress. 

The  effect  of  thermal  stress  upon  ultimate  strength  is  small,  as  shown  in 

Figure  31;  therefore,  the  variations  in  thermal  stresses  caused  by  modeling  will 

not  significantly  '■.ffect  ultimate  strength  verification. 

The  effects  of  other  time  scale  factors  were  also  investigated.  In  the 

modeling  process  previously  described,  the  conductive  heat  transfer  process 

was  chosen  to  establish  time  scaling;  this  results  in  the  choice  of  model  time: 

2 

c  =  n  t  .  The  radiative  heat  transfer  time  relationship  is  x  =  nx  for  the 
m  p  m  p 

case  where  the  emissivity  of  the  model  is  equal  to  tha+  of  the  prototype.  The 
radiative  heat  transfer  model  time  could  be  matched  to  the  conductive  heat  trans¬ 
fer  model  time  by  increasing  the  surface  emissivity  by  a  factor  of  1/n;  however, 
this  is  not  always  possible.  As  shown  in  Figure  38,  the  effects  of  scaling  on 


both  radiation  and  convection  are  approximately  the  same,  and  the  time-scale 


relationship  is  t  =  nx  .  In  a  situation  where  both  radiation  and  conduction 
m  p 

are  important,  as  is  the  case  for  the  Mach  3-*t  vehicle  cross  section,  scaling 

might  be  more  closely  achieved  by  selecting  an  intermediate  time  scale  factor: 

2 

n  x  <  x  <  nx 
p  -  m  -  p 


for  the  1/2  scale  model. 


l/4x  <  x  <  l/2x 
P  -  m  -  p 


The  temperatures  and  thermal  stresses  achieved  at  node  111  of  the  Mach  3-h 
vehicle  wing  lower  surface,  calculated  using  a  modified  time  factor  of  1/3,  are 
presented  in  Figures  ?9  and  i»0,  respectively.  Also  shown  in  these  figures  are 
the  temperatures  and  stresses  for  the  full-scale  cross  section  and  the  half¬ 
scale  cross  section  usir.g  a  time  scale  factor  of  1/k  (ohe  case  if  conductive 
heating  determines  the  time  scale  factor).  It  can  be  seen  that  the  stresses 
using  a  modified  time  factor  of  1/3  match  the  full-scale  cross  section  stresses 
closer  than  those  for  a  time  scale  factor  of  1/4.  However,  the  selection  of  a 
single  factor  for  a  complete  vehicle  or  component  will  be  extremely  difficult 
because  the  relative  importance  of  radiation  and  conduction  will  vary  from  loca¬ 
tion  to  location  in  the  structure. 

1.3. 1.2. 2  I pfect  of  Modeling  on  Ultimate  Strength  -  As  indicated  in 
Table  VI,  the  theoretical  ultimate  strength  of  a  model,  measured  by  its  allow¬ 
able  stress,  is  equal  to  that  of  the  prototype.  This  means  that  the  theoretical 

2 

strength  of  the  model,  measured  in  pounds,  is  n  that  of  the  prototype;  the 

•3 

theoretical  bending  strength  of  the  model  measured  in  inch-pounds  is  n"'  that 
of  the  prototype.  This  theoretical  relationship  is  maintained  for  a  wide  range 
of  construction  techniques  and  loadings.  Examples,  other  than  those  listed  in 
Table  VI,  are  compression  or  bending  of  monocoque  or  semi-monocoque  cylinders, 
lateral  pressure  applied  to  spheres  or  spherical  plates,  torsion  applied  to 
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Figure  40  -  Effect  of  Time  Scale  Factors  on  Spanwise  Thermal  Stress  at  Node  111 
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cylinders,  and  bending  moments  applied  to  miuhi-web  or  multi-post  beams.  In 
other  words,  the  theoretical  relationships  have  been  found  to  be  maintained  for 
almost  all  arrangements  of  loading  and  configurations;  a  violation  of  these 
relationships  has  not  been  uncovered  in  this  study.  However,  available  test 
data  indicate  that  these  same  relationships  will  not  be  completely  maintained 
during  testing. 

Two  areas  where  present  data  indicate  that  perfect  modeling  would  not  be 
attained  are  in  material  property  size  effects  and  in  fastening  size  effects. 
The  former  effects  are  small;  the  latter  can  be  significant. 

For  the  expected  range  of  model  scale  factor  (1/4  n  <_  3/4),  the  proper¬ 
ties  of  the  common  materials  are  not  largely  affected  by  gage  or  thickness.  In 
general,  it  can  be  expected  that  the  model  properties  will  be  larger  for  metal¬ 
lic  sheet  materials.  For  example,  the  specified  minimum  value  of  F^  (room 
temperature)  for  Ti-8Al-lMo-lV  is  130  ksi  for  sheet  thicknesses  greater  than 
0.188  inches  thick  and  133  ksi  for  sheet  0.020  to  0.187  inches  thick,  a  dif¬ 
ference  of  2.25%.  The  size  effects  upon  the  strength  of  non-metallics  may  be 
much  larger;  especially  when  the  minimum  thickness  of  the  non-metallic  is 
approached.  For  instance,  the  manufacture  of  glass  laminates  thinner  than 
0.030  irch  having  prototype  material  properties  will  be  difficult,  and  a  model 
with  smaller  thickness  will  usually  exhibit  less  strength  than  the  prototype. 

Test  data  indicate  the  scaled  strength  of  a  bolted,  bonded,  riveted,  or 
welded  joint  can  be  expected  to  be  somewhat  greater  than  the  prototype  joint; 
however,  this  difference  for  bolted  or  riveJ  id  joints  is  not  expected  to  be 
very  large.  For  example,  the  results  of  tests  on  a  simple  bolted  lap  shear 
joint,  reported  in  Section  VII,  indicated  that  the  failing  stress  of  the  full- 
scale  specimen  was  0.7$  larger  than  that  of  the  half-scale  specimen.  In  this 
test,  the  prototype  and  model  were  fabricated  from  the  same  sheet  stock; 
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if  they  were  fabricated  from  sheet  gage  equal  to  their  thickness ,  the  model 
would  be  expected  to  exhibit  greater  strength.  The  model/prototype  strength 
ratio  of  spot-welds  in  titanium  sheet,  however,  is  an  example  of  a  larger  vari¬ 
ation.  Tests  have  indicated  that  for  most  gages,  a  half-scale  model  exhibits 
a  greater  scaled  strength  than  the  prototype  by  as  much  as  50%.  However,  by 
modification  of  welding  technique,  this  variation  could  be  reduced.  The  strength 
of  bonded  or  continuous  welded  (e.g.  butt-welded)  joints  would  not  be  expected 

jr 

to  exhibit  variations  of  this  magnitude. 

It  has  been  found  that  honeycomb  construction  also  would,  be  expected  to 
exhibit  non-scaled  model  strength;  in  general,  the  model  strength  is  greater 
than  that  of  the  prototype.  For  example,  while  the  shear  strength  for  the  rib¬ 
bon  direction  of  3/8"  core  -  .005  foil  -  formed  of  5052  aluminum  alloy  is  560  psi, 
the  strength  of  3/16"  core  -  .0025  foil  of  the  same  material  is  600  psi,  a  dif¬ 
ference  of  about  n\%.  This  trend  is  reversed  as  the  minimum  available  foil  thick¬ 
ness  is  approached. 

It  has  been  concluded,  that  although  modeling  strength  will  not  exactly 
scale,  the  scaling  error  will  generally  be  less  than  10$,  the  error  will  be 
predictable,  and  inaccuracies  in  tnermal  stresses  caused  by  me  deling  do  not 
significantly  affect  ultimate  strength.  This  leads  to  the  further  conclusion 
that  ultimate  strength  verification  of  the  Mach  3-^  vehicle  can  be  satisfactorily 
demonstrated  by  the  use  of  structural  models. 

1.3.2  Test  Facility  Analysis  -  As  described  in  Subsectio..  1.3.1,  while 
the  temperatures  and  the  stress  levels  in  a  model  of  scale  factor  n  must  be 
the  same  as  those  in  the  prototype ,  the  heating  and  cooling  rates  are  increased 
by  a  factor  of  1/n.  The  increase  in  required  heating  and  cooling  rates  is 
expected  to  result  ii.  an  increase  of  the  local  temperature  error,  and  proper 
local  temperature  control  on  the  model  surface  will  be  more  difficult  than  on 
the  full-scale  complete  vehicle.  Thus,  it  is  judged  that  a  model  will  require 
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more  temperature  control  zones  than  the  prototype  vehicle,  and  not  only  will 
there  he  no  savings  in  quantity  of  control  equipment,  hut  the  response  time  of 
the  control  equipment  will  he  less  than  that  for  the  prototype  due  to  the  time 
scaling  factor,  n2. 

The  similitude  laws  indicate  a  reduction  of  total  energy  required  by  a 
3 

factor  of  n  ;  however,  the  peak  power  requirements  for  the  scale  model  are 
reduced  by  only  a  factor  of  approximately  n  times  that  required  for  the  proto¬ 
type  because  of  a  1/n  scaling  increase  in  heat  flux  over  a  test  area  reduced  by 
2 

a  factor  of  n  .  Because  the  test  systems  must  be  designed  to  deliver  the  peak 
instantaneous  demands,  the  capacity  of  the  power  sources  for  model  testing  must 
be  approximately  n  times  as  large  as  those  required  for  prototype  testing. 

Since  the  test  systems  operate  at  higher  flux  levels ,  their  reliability  will  be 
diminished. 

Heating  lamp  arrangement  has  only  one  degree  of  freedom,  that  of  spacing, 

which  is  inversely  proportional  to  the  required  heating  rate;  the  effect  of 

specimen  to  lamp  distance  is  secondary.  While  the  heating  rate  is  scaled  by 

1/n,  the  model  test  lamp  spacing  must  be  n  times  the  prototype  test  lamp  spacing 
2 

over  an  area  n  that  of  +he  prototype,  whicn  results  in  a  total  lamp  quantity 
requirement  for  the  model  test  of  n  times  bhat  for  the  prototype  test. 

The  results  of  the  detailed  analysis  of  the  testing  requirements  for  the 
Mach  3-H  vehicle  are  presented  in  Table  V. 

1.3.3  Cost  Analysis  -  In  contrast  to  the  other  testing  approaches,  engi¬ 
neering  design  of  the  model  test  specimen  will  require  substantial  effort.  The 
cost  for  engineering  design  includes  drawing  preparation  and,  more  importantly, 
the  myriad  of  detail  design  analysis  required  by  the  scaling  process;  a  photo¬ 
graph  reduction  of  the  prototype  drawings  will  not  be  possible  or  correct. 
Instead,  many  engineering  tradeoff  decisions  will  be  necessary.  For  example, 
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the  selection  of  tolerances  and  surface  finish,  the  cnoice  of  a  scaled  forging 
or  its  duplicate  in  machined  form,  the  determination  of  welding  techniques  to 
obtain  scaled  strength,  and  replacement  of  non-scalable  mechanical  fasteners 
with  equivalent  strength  fasteners,  will  all  require  resolution.  It  has  been 
estimated  that  the  cost  of  the  engineering  design  for  the  half-scale  complete 
vehicle  will  be  somewhat  greater  than  the  sum  of  the  design  and  fabrication 
costs  for  the  room  temperature  test  jig.  Because  of  the  reduced  size,  weight, 
and  applied  loads,  these  latter  costs  are  less  than  for  the  full-scale  complete 
vehicle  test. 

The  major  cost  for  the  half-scale  test  will  be  for  the  tooling  required 
for  fabrication  of  the  test  specimen.  The  prototype  tooling  costs  can  be  pro¬ 
rated  over  many  vehicles;  therefore,  the  prototype  design  can  include  manufac¬ 
turing  techniques  requiring  quite  expensive  tooling;  some  of  these  same  tech¬ 
niques  are  also  expected  to  be  required  for  the  model.  Although  the  model  tool¬ 
ing  need  be  used  only  a  few  times,  the  cost  is  still  a  large  fraction  of  the 
prototype  tooling  costs.  The  fabrication  cost  will  be  less  for  the  half-scale 
model  than  for  the  prototype  because  of  reduced  size.  The  large  tooling  cost 
for  the  model  causes  this  technique  to  be  the  most  expensive  of  the  various 
approaches.  The  man-hour  cost  factors  and  dollar  cost  factors  for  this  tech¬ 
nique  are  summarized  in  Figures  36  and  37- 

1.3.1*  Conclusions 

(a)  Fabrication  feasibility  dictates  that  scale  factors  of  1/U,  1/2, 
or  3/1*  be  considered  for  structural  verification  models,  with  1/2 
appearing  most  usable.  Other  scale  factors  would  require  greater 
use  of  non-standard  hardware  or  larger  deviations  from  scaled 
geometry,  which  would  increase  the  modeling  effects  on  ultimate 
strength  of  the  specimen  or  greatly  increase  procurement  costs. 

Ill* 


(b)  Of  all  the  factors  known  to  be  not  scalable  thermally  (radiation, 
interface  conductance,  etc.),  radiation  is  of  greatest  importance 
for  the  structur.  s  considered. 

(c)  Using  the  time  scale  factor  dictated  by  conductive  heat  transfer, 
the  thermal  stresses  in  a  model  tend  to  be  greater  than  for  full- 
scale  structures  due  to  the  effects  of  internal  radiation  which 
dictate  a  different  time  scale  factor. 

(d)  It  is  possible  to  more  closely  duplicate  thermal  stresses  in  a 
model  by  the  use  of  a  time  scale  factor  somewhere  between  the 
values  dictated  by  conductive  and  radiative  heat  transfer  modes. 

(e)  Structural  models  appear  satisfactory  for  the  ultimate  strength 
verification  of  the  Mach  3— U  vehicle,  the  degree  of  thermal  stress 
simulation  having  a  relatively  minor  effect  in  this  case. 

(f)  Although  model  strength  will  not  scale  exactly,  the  scaling  error 
will  be  less  than  10$  and  will  generally  be  predictable. 

(g)  The  increased  heating  and  cooling  rate  requirements  in  comparison 
with  the  prototype  test  article  make  the  proper  temperature  control 
of  the  model  surface  more  difficult. 

(h)  Serious  drawbacks  to  the  model  approaches  are  the  cost  of  tooling 
for  fabrication  of  a  satisfactory  structural  model  and  the  engi¬ 
neering  effort  required  to  complete  model  drawings . 

1.4  Component  Testing 

1.4.1  Engineering  Analysis  -  Economics  of  construction,  space,  and  time, 
as  well  as  power  required  fcr  heating  and  cooling,  may  be  achieved  in  the  lab¬ 
oratory  testing  of  a  structure  if  a  small  portion  or  component  of  the  vehicle 
can  be  tested  separately  in  a  meaningful  manner.  A  theoretical  investigation 
was  performed  to  determine  the  length  of  component  and  heated  section  required 
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for  a  test  specimen  in  which  complete  vehicle  mission  temperatures  and  stresses 
are  duplicated. 

l V 

A  mathematical  idealization  of  a  component  of  the  wing  cross  section  was 
developed  to  determine  the  effects  of  spanwise  temperature  gradients  and  stress 
variations  on  the  ability  to  achieve  mission  temperatures  and  stresses  within 
the  structure.  This  idealization  consists  of  six  adjacent  chordwise  cross 
sections  at  one  foot  spacing  which,  because  of  symmetry,  actually  represents 
12  adjacent  sections  in  a  component  of  12  feet  as  shown  in  Figure  4l.  The 
cross  section  nodal  numbering  system  used  is  indicated  in  Figure  h2.  Analytical 
behavior  of  each  section  must  be  similar  to  that  of  the  original  112  node  ideal¬ 
ization,  if  meaningful  data  for  direct  comparison  to  prior  analysis  is  to  be 
attained.  However,  computer  memory  size  necessitated  a  reduction  in  the  number 
of  nodes  per  cross  section  down  to  22  nodes,  accomplished  through  grouping 
adjoining  nodes  of  the  112  node  model  which  experience  like  temperature  his¬ 
tories  during  a  typical  mission,  as  shown  in  Figure  h2.  Similar  to  other  pre¬ 
viously  described  analyses,  a  single  node  in  each  cross  section  represents  the 
enclosed  air.  Two  nodes  in  each  adjacent  section  were  used  as  the  upper  wing 
and  lower  wing  surface  control  nodes  for  the  22  node  model;  the  temperatures  at 
these  nodes  were  made  to  follow  the  temperature-time  profiles  of  Figure  10.  An 
emissivity  of  .66  was  used.  Previous  analysi"  on  the  112  node  model  indicated 
the  insignificant  role  of  changes  in  interface  conductance;  hence  perfect  inter¬ 
face  conductance  was  assumed  in  the  22  node  model.  The  degree  to  which  the  22 
node  model  approximated  the  112  node  wing  box  cross  section  is  shown  by  the 
temperature-time  agreement  at  the  node  of  maximum  thermal  stress,  nodes  11  and 
111,  respectively,  shown  in  Figure  U3-  From  these  data,  it  may  be  concluded 
that  the  22  node  model  is  sufficiently  similar  to  the  112  node  model  for  anal¬ 
ysis  purposes. 
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Notes:  (1)  Net  heat  flux  across  this  plane  assumed  zero. 

(2)  No  heat  transfer  across  this  boundary. 

(3)  h  Inch  thick  titanium  alloy  end  plate,  (nodes  133-138) 


Figure  41  -  Wing-Box  Component  Idealization 
Mach  3-4  Vehicle 
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The  component  idealization  was  completed  by  including  the  effect  of  a 
titanium  alloy  end  plate  idealized  into  six  nodes;  hence,  the  total  component 
includes  138  nodes.  Because  of  symmetry,  this  idealization  represented  one 
quadrant  of  the  entire  component.  The  nodal  numbering  sequence  for  adjacent 
component  cross  sections  is  obtainable  by  adding  22,  44,  66,  .  .  .to  the  cor¬ 
responding  node  number  in  the  first  section.  Analyses  of  this  idealization 
included  investigations  of  the  effect  of  internal  radiation  within  the  cross 
section  and  the  effects  of  heating  various  lengths  of  the  component.  The 
external  surfaces  of  the  unheated  portions  were  assumed  to  be  insulated. 

The  temperature  distribution  along  the  inner  end  of  the  spar  web  attach¬ 
ment  tee  at  the  time  of  peak  heating  (mission  time  =  .46  hours)  is  presented 
in  Figure  1)4  for  various  heated  lengths  of  the  component.  This  location  is 
the  point  of  maximum  thermal  stress  within  the  cross  section.  The  uppermost 
curve  represents  the  temperature  developed  in  an  infinitely  long  component  and 
is  the  same  as  shown  in  Figure  39  for  the  full-scale  complete  vehicle  analysis 
with  internal  radiation  and  at  mission  time  =  .46  hours.  All  other  curves 
represent  spanwise  temperature  distributions  for  the  same  location  within  each 
cross  section  in  the  12  foot  component.  Heating  12,  10,  8,  6,  4,  and  2  sec¬ 
tions  of  the  12  section  component  resulted  in  a  companion  decrease  in  the  tem¬ 
perature  at  this  node. 

Figure  45  presents  the  temperature  distributions  for  a  component  in  which 
three  sections  are  heated  with  and  without  the  effects  of  internal  radiation; 
the  relative  ease  in  obtaining  a  suitable  "test  section"  when  there  is  no 
internal  radiation  is  apparent  ir.  the  same  figure.  Because  heat  is  transferred 
between  adjacent  layers  only  by  conduction  in  this  :ase,  relatively  little  heat 
is  dissipated  to  the  externally  unheated  section,  resulting  in  a  uniform  tem¬ 
perature  over  almost  all  of  the  heated  length.  In  contrast,  a  greater  percentage 


120 


122 


Distance  From  Centerplane  -  Feet 

Figure  45  -  Effect  of  Internal  Radiation  on  Component  Spanwise 
Temperature  Distribution  at  Node  111 
Mach  3-4  Vehicle 


of  heat  is  transferred  to  the  remote  unheated  areas  when  internal  radiation 
is  included  which  results  in  a  less  uniform  temperature  distribution.  Also, 
in  a  finite  length  component ,  structural  temperatures  were  found  to  be  lower 
near  the  end  of  the  component  because  of  the  relative  massiveness  (heat  sink 
effect)  of  the  assumed  end  plates.  As  to  be  expected,  this  investigation  indi¬ 
cated  that  the  greater  the  surface  heated,  the  closer  the  agreement  between  the 
temperatures  developed  in  the  infinitely  long  component  and  the  temperatures 
developed  in  the  test  section. 

Figure  46  shows  the  effect  of  internal  radiation  on  thermal  stresses  at 
the  nodes  of  maximum  thermal  stress  when  three  cross  sections  of  the  component 
are  heated.  It  is  apparent  from  this  figure  that  within  the  heated  areas  of 
the  component,  the  component  thermal  stresses  nearly  duplicate  those  which 
would  be  developed  in  a  totally-heated  infinite  length  component.  Figure  47 
presents  the  thermal  stress  variation  with  time  when  three  cross  sections  are 
heated  and  internal  radiation  is  considered.  This  corresponds  to  the  same  case 
that  was  presented  in  Figure  46  and  indicates  that  the  thermal  stresses  devel¬ 
oped  in  the  unheated  areas  of  the  component  are  insignificant. 

Temperature  distributions  in  components  of  the  type  studied  have  been 
found  to  cause  component  thermal  stresses  that  are  larger  than  those  in  the 
prototype  due  to  the  increased  thermal  gradients.  Figure  48  presents  component 
thermal  stresses  for  various  heated  lengths ,  computed  by  not  considering  struc¬ 
tural  boundary  condition  effects  and  by  using  the  temperature  distributions  dis¬ 
cussed  previously.  It  can  be  seen  that  the  stresses  in  a  large  portion  of  the 
component  structure  are  larger  than  in  the  prototype. 

The  development  of  prototype  temperature  distributions  within  a  component 
does  not  assure  the  development  of  prototype  thermal  stresses;  for  example,  a 
finite  length  of  the  wing  cross  section  is  required  to  exactly  reproduce  prototype 
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thermal  stresses  beca.use  of  the  structural  boundary  conditions,  i.e.,  the  "shear 
lag"  effect.  The  results  of  an  analysis  of  this  effect  for  the  inner  end  of  the 
spar  web  attachment  tee  are  presented  in  Figure  49  where  the  ratio  of  the  stress 
that  would  be  developed  in  a  component  of  finite  length  to  the  stress  that  would 
be  developed  in  the  complete  vehicle  is  indicated.  It  was  assumed  in  this  anal¬ 
ysis  that  complete  vehicle  temperature  distributions  are  maintained  throughout 
the  component.  This  shear  lag  effect  reduces  the  increase  in  thermal  stresses 
due  to  the  higher  thermal  gradients  developed  in  the  component. 

An  estimate  of  the  combined  effects  of  thermal  and  structural  boundary  con¬ 
ditions  when  all  cross  sections  of  the  component  are  heated  is  shown  in  Fig¬ 
ure  50.  This  figure  indicates  that  the  combined  effects  are  expected  to  cause 
a  thermal  stress  at  the  inner  end  of  the  web  attachment  tee  and  the  component 
centerpiane  slightly  greater  than  that  developed  in  the  prototype.  A  tradeoff 
between  excessive  stresses  and  higher  costs  would  be  used  in  the  practical  case 
to  determine  the  optimum  size  of  the  component  to  be  heated.  For  the  particular 
component  considered,  direct  heating  of  6  feet  of  the  12  foot  length  appears 
satisfactory  for  producing  suitably  accurate  thermal  stresses  in  a  component 
of  reasonable  size;  this  results  in  a  test  section  of  approximately  4  feet. 
Heating  a  smaller  section  produces  higher  than  desired  thermal  stresses,  while 
the  heating  of  larger  sections  may  prove  unduly  costly  without  a  commensurate 
increase  in  test  accuracy. 

As  in  the  modeling  approach,  it  is  concluded  that  the  reproduction  of 
prototype  thermal  stresses  in  a  component  is  sufficiently  accurate  to  allow  the 
satisfactory  demonstration  of  ultimate  strength  by  the  use  of  the  component 
approach . 

In  the  component  verification  testing  approach,  two  different  types  of 
components  are  considered;  those  of  small  size  to  determine  the  structural 
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Figure  49  -  Effect  of  Component  Span  Length  on 
Maximum  Spanwise  Thermal  Stress 
Mach  3-4  Vehicle 


characteristics  of  a  local  area,  once  a  critical  section  is  located,  and  larger 
components  whose  purpose  it  is  to  evaluate  the  structural  performance  of  a 
major  portion  of  the  structure  or  to  reliably  locate  critical  areas.  Presented 
in  Figure  51  are  the  small  size  components ;  their  total  planform  area  is  65$ 
of  the  total  planform  area.  The  large  size  components  are,  on  the  average,  50# 
larger  in  gross  size  and  It  to  5  times  larger  in  test  area  size  than  the  compo¬ 
nents  presented  in  Figure  51,  so  as  to  permit  the  demonstration  of  the  strength 
characteristics  of  the  complete  vehicle. 

1.1*. 2  Test  Facility  Analysis  -  The  use  of  components  for  verification 
testing  will  reduce  the  peak  power  required  and  the  number  of  loads  applied. 

By  using  components ,  there  is  a  great  reduction  in  the  number  of  test  control 
systems  required  for  any  specific  test.  Another  benefit  of  component  testing 
is  the  reduction  of  test  complexity,  which  in  turn  reduces  the  probability  of 
a  system  failure  that  would  cause  a  premature  failure  of  the  test  specimen. 

The  component  technique  requires  the  jig  structure  to  provide  reactions  for 
the  applied  loads  and  simulation  of  prototype  stiffness  at  the  component 
boundary.  Also,  the  use  of  several  components  rather  than  a  single  complete 
vehicle  test  will  require  mere  jig  design  engineer}'  ng  and  fabrication  man-hours 
per  square  foot  of  area. 

The  component  approach,  as  applied  in  the  test  facility  analysis,  utilizes 
the  small  size  components  described  in  the  previous  subsection.  The  reduction 
of  area  allows  a  proportionate  decrease  in  total  power,  cooling,  control  channel, 
and  instrumentation  requirements,  as  shown  in  Table  V. 

1.1*. 3  Cost  Analysis  -  Engineering  design  costs  have  been  found  to  be 
relatively  unimportant  in  the  component  approach.  Prototype  design  costs  are 
not  applicable,  and  although  the  selection  of  component  boundaries  and  analysis 
of  boundary  conditions  will  require  engineering  effort,  there  costs  have  been 
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found  to  be  relatively  small.  Similarly,  the  costs  of  tooling  were  not  signifi¬ 
cant.  Specimen  fabrication  costs  were  found  to  be  approximately  proportional  to 
the  total  weight  of  structure  to  be  fabricated. 

Laboratory  costs  have  been  determined  to  be  approximately  the  same  for 
the  six  components  shown  in  Figure  51  as  for  the  full-scale  complete  vehicle 
test,  even  though  the  total  component  area  is  smaller.  This  results  from  the 
necessity  of  designing  and  fabricating  several  test  set-ups ,  rather  than  one 
large  one.  The  resuxts  of  the  cost  analysis  for  the  ultimate  strength  testing 
of  the  components  shown  in  Figure  51  for  the  Mach  3-*<  vehicle  are  presented  in 
Figures  36  and  37 •  The  results  of  the  cost  analysis  for  the  ultimate  strength 
testing  of  large  size  components  are  incorporated  in  the  combination  testing 
approach  presented  in  Section  VIII. 3. 

l.U.H  Conclusions 

(a)  Components  for  elevated  temperature  tests  become  larger  than  would 
be  anticipated  for  load  application  only,  because  of  the  require¬ 
ment  for  providing  suitable  thermal  boundary  conditions.  The  bene¬ 
fits  are  the  savings  of  heating  rate  required  at  any  instant,  the 
reduction  in  physical  size  of  the  test  facility,  and  the  capability 
to  use  more  than  one  facility  at  a  time. 

(b)  The  presence  of  internal  radiation  within  a  component  will  generally 
cause  thermal  gradients  larger  than  those  present  in  the  prototype. 

(c)  The  maximum  thermal  stresses  developed  within  a  component  may  be 
larger  than  in  the  prototype  because  of  the  larger  gradients 
usually  present. 

(d)  The  testing  costs  per  square  foot  of  total  specimen  area  will  be 
greater  for  the  component  testing  approach  in  comparison  to  the 
complete  vehicle  testing  approach  due  to  the  additional  costs 
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associated  with  the  design  and  fabrication  of  several  test  set-ups 
in  the  component  approach. 

(e)  Components  appear  satisfactory  for  ultimate  strength  verification, 
since  the  degree  of  success  associated  with  the  simulation  of 
temperatures  and  thermal  stresses  has  a  relatively  minor  effect 
on  the  ultimate  strength  of  the  test  article. 

1.5  Mechanical  Simulation 

1.5.1  Engineering  Analysis  -  The  primary  effects  of  elevated  temperature 
on  structural  behavior  include: 

(a)  Material  property  degradation;  this  degradation  will  vary  through 
the  cross  section  because  of  the  temperature  variation 

(b)  The  development  of  thermal  stresses  and  the  reduction  of  stiff¬ 
ness;  including  the  associated  reduction  of  allowable  buckling 
and  crippling  loads 

(c)  A  change  in  the  shape  of  the  stress-strain  curve,  causing  a 

modification  of  the  inelastic  stress-strain  relationships; 

that  is ,  a  change  in  the  F  /F.  and  F  /E  ratios 

cy  ty  cy 

In  the  mechanical  simulation  approach  for  ultimate  strength  verification, 
the  testing  is  performed  at  room  temperature  or  at  some  reduced  elevated  tem¬ 
perature  without  attempting  to  duplicate  transient  temperatures  and  thermal 
gradients,  but  to  create  the  three  effects  described  above  by  mechanical  means. 
The  test  loads  are  increased  to  account  for  the  above  temperature  effects  but 
the  amount  of  load  increase  required  is  always  an  area  of  question  in  the 
mechanical  simulation  approach.  The  modification  of  loads  can  be  accomplished 
in  several  ways;  for  example,  one  method  would  consist  of  a  simple  factoring 
of  material  properties  at  room  and  elevated  temperature.  The  choice  of  a  simple 
technique  that  could  readily  be  understood  may  be  either  conservative  or 
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unconservative.  An  unconservative  simple  technique  using  a  material  property- 


reduction  factor  coupled  with  axial  stiffness  factor  where  is  compared  at 

room  and  elevated  temperature  is  presented  in  Reference  5-  Other  simple  tech¬ 
niques  will  usually  be  conr  j.'vative  or  overly  conservative.  If  the  load  increase 
required  for  room  temperature  testing  is  based  on  a  detailed  analysis ,  the  anal¬ 
ysis  must  be  performed  twice,  once  for  room  temperature  and  once  for  elevated 
temperature.  The  ratio  of  the  computed  failing  loads  may  then  be  used  to  deter¬ 
mine  the  applied  loads  in  the  room  temperature  test.  In  order  for  this  general 
approach  to  be  accurate,  the  location  and  mode  of  failure  must  be  defined  for 
both  room  and  elevated  temperature  testing.  For  example,  the  computed  room/ele¬ 
vated  temperature  strength  ratios  for  crippling  and  panel  buckling  for  the  upper 
wing  surface  are  1.37  and  1.15,  respectively,  and  can  be  determined  from  the 
data  presented  in  Figut  31.  Therefore,  in  the  mechanical  simulation  approach, 
the  applied  loads  would  be  increased  by  37$  if  crippling  is  the  basic  mode  of 
failure;  or  by  15$  if  overall  panel  buckling  is  the  basic  mode  of  failure. 
Although  the  panel  buckling  allowable,  by  definition,  cannot  exceed  the  crippling 
allowable,  modification  of  the  panel  geometry  could  make  it  approach  the  crip¬ 
pling  allowable.  If  such  a  modification  in  panel  geometry  were  made,  the  loads 
to  be  applied  in  a  room  temperature  test  would  be  computed  as  being  37$  greater 
than  those  at  elevated  temperature.  Therefore,  the  mode  of  failure  influences 
the  load  ratio  to  be  applied  and  only  a  post  failure  analysis  would  establish 
the  accuracy  of  the  preselected  applied  load  ratio. 

An  investigation  of  this  type  is  described  in  Reference  5»  In  that  study, 
only  moderate  temperature  effects  on  structural  elements  in  a  steady-state- 
temperature  condition  were  considered.  The  results  indicated  that  this  method 
might  be  confidently  used  for  ultimate  strength  verification  in  the  temperature 
ranges  considered. 
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It  is  also  theoretically  possible  to  simulate  a  portion  of  the  induced 
thermal  stresses  by  mechanical  loadings  without  the  application  of  complete  tem¬ 
perature  distributions.  This  simulation  might  be  used  with  some  upward  adjust¬ 
ment  of  the  magnitude  of  the  applied  loads  as  previously  indicated. 

One  of  the  inherent  limitations  of  this  latter  approach  is  the  relatively 
small  number  of  locations  where  the  stress  levels  prevailing  in  the  prototype 
can  be  reproduced  in  the  specimen.  For  instance,  before  the  exact  thermal 
stress  distribution  existing  in  the  prototype  can  be  mechanically  applied  to  a 
port i.on  of  the  prototype ,  all  of  the  structural  redundancies  inherent  in  that 

portion  of  the  structure  must  be  removed.  When  the  removal  of  these  redun¬ 
dancies  is  not  accomplished,  the  thermal  stress  distribution  is  only  approxi¬ 

mated  by  the  application  of  mechanical  loads.  For  example,  the  maximum  thermal 
stress  in  the  wing  cross  section  studied  (Figure  8)  is  at  node  111,  and  for  the 
full-scale  wing  cross  section,  this  stress  was  determined  to  be  16,800  psi 
tension.  The  largest  compressive  stress  occurs  on  the  outside  surface,  node  90, 
and  is  6700  psi.  The  room  temperature  application  of  a  bending  moment  to  the 
cross  section  that  would  produce  l6,8CO  psi  tension  at  node  111  would  produce 
18,300  psi  tension  at  the  outside  surface.  The  error  in  the  thermal  stress  at 
the  outside  surface  is,  therefore,  25,000  psi;  the  mechanical  simulation  of 
thermal  stresses  is  obviously  inadequate  and  virtually  impossible  in  this  case. 

A  considerable  measure  of  engineering  judgment  is  required  to  select  the 
size  and  define  the  completeness  of  the  portion  of  the  vehicle  to  be  tested. 
Also,  considerable  judgment  is  required  to  select  the  locations  where  complete 
simulation  is  necessary  and  to  evaluate  the  effect  of  simulation  errors  at 
other  locations.  Generally,  the  technique  of  a,  plied  load  augmentation ,  as 
discussed  previously,  is  more  practicable  than  direct  mechanical  simulation  of 


thermal  stresses. 


Mechanical  simulation  may  be  used  with  any  of  the  specimen  types  con¬ 
sidered  (complete  vehicle,  models,  or  components)  at  either  room  or  constant 
elevated  temperature.  The  combination  of  mission  profile  temperature  and  mechan¬ 
ical  simulation  defeats  the  purpose  of  mechanical  simulation  and  even  the  com¬ 
bination  of  constant  elevated  temperature  and  mechanical  simulation  is  somewhat 
incompatible,  because  the  addition  of  control  devices  to  allow  the  duplication 
of  transient  temperatures  is  relatively  inexpensive  in  comparison  to  the  orig¬ 
inal  installation  of  the  heating  system.  Therefore,  the  most  profitable  use 
of  mechanical  simulation  appears  to  be  at  room  temperature. 

1.5.2  Test  Facility  Analysis  -  The  test  facility  requirements  for  the 
mechanical  simulation  approach  are  basically  the  same  as  for  either  the  room 
or  constant  elevated  temperature  test  of  the  complete  vehicle,  model,  or  com¬ 
ponents,  as  appropriate.  The  use  of  the  mechanical  simulation  approach  simpli¬ 
fies  the  test  procedure,  since  the  heating  system  is  either  not  required  or 
need  not  be  integrated  with  the  loading  system,  xi  the  lechanical  simulation 
of  thermal  stresses  is  attempted,  the  loading  system  will  be  Tomewhat  more 
complex.  However,  in  general,  this  will  not  affect  the  total  facility  require¬ 
ments.  The  requirements  for  testing  using  mechanical  simulation  can  be  deter¬ 
mined  from  Table  V  for  the  choice  of  vehicle  type  and  temperature ,  room  or 
constant  elevated. 

1.5.3  Cost  Analysis  -  Engineering  design  costs  are  unimportant  in  this 
approach,  except  for  the  previously  discussed  cost  of  designing  a  half-scale 
model,  if  that  choice  of  vehicle  type  is  utilized.  The  selection  of  augmented 
loads,  the  choice  of  areas  of  mechanical  simulation  of  thermal  stress,  and  the 
additional  analysis  required  to  determine  ultimate  strengths  in  both  design  and 
test  conditions  will  require  significant  additional  engineering  effort;  however, 
relative  to  the  total  test  costs  for  the  Mach  3-h  vehicle,  the  cost  of  this 
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engineering  effort  is  relatively  unimportant.  The  costs  for  testing  using 
mechanical  simulation  are  approximately  the  same  for  a  given  vehicle  whether 
tested  at  room  temperature  or  a  constant  elevated  temperature. 

1.5.1+  Conclusions 

(a)  One  inherent  limitation  of  the  approach  to  simulate  induced  thermal 
stresses  by  mechanical  loadings  is  the  relatively  small  number  of 
locations  where  the  prototype  stress  levels  can  be  duplicated; 
this  limitation  lowers  the  level  of  confidence  associated  with 

the  mechanical  simulation  approach. 

(b)  Increases  in  applied  loads  to  account  for  thermal  effects  appears 
the  most  practicable  version  of  the  mechanical  simulation  approach. 

(c)  By  definition,  tests  in  which  the  thermal  effects  are  simulated  by 
mechanical  means  cannot  be  expected  to  produce  any  thermal  effect 
that  cannot  be  predicted  analytically. 

(d)  Mechanical  simulation  is  not  a  satisfactory  approach  to  strength 
verification  of  the  Mach  3-1+  vehicle. 

2.  Mach  12-15  Vehicle 

In  the  following  subsections,  the  four  basic  approaches  to  ultimate 
strength  testing  of  Mach  12-15  vehicle  are  considered.  These  basic  approaches 
are:  full-scale  complete  vehicle  testing,  model  testing,  component  testing, 
and  mechanical  sinmlation  of  thermal  effects.  The  methodology  of  evaluation 
of  these  approaches  is  the  same  as  used  in  Subsection  1  and  will  not  be 
repeated  here. 

2.1  Parameters  -  Many  of  the  parameters  discussed  in  Section  IV  are 
unimportant  in  ultimate  strength  testing,  as  discussed  for  the  Mach  3-1+  vehicle 
in  Subsection  1.1;  the  comments  for  that  vehicle  are  generally  applicable  to 
the  Mach  12-15  vehicle. 
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2.2  Complete  Vehicle  Testing 

2.2.1  Engineering  Analysis  -  The  analysis  of  this  vehicle  parallels  the 
analysis  of  the  Mach  3-^  vehicle.  The  portion  of  this  vehicle  selected  for 
analysis  is  the  centerbody  cross  section,  shown  in  Figure  13;  a  9**  node  mathe¬ 
matical  idealization  of  this  cross  section  was  developed  and  is  shown  in  Fig¬ 
ure  ll*.  Node  55,  at  the  windward  location  for  the  ascent  portion  of  the  mis¬ 
sion,  was  chosen  as  the  control  node,  and  its  assumed  temperature  history  is 
presented  in  Figure  15.  The  assumed  heating  rate  distributions  around  the 
body,  normalized  to  the  value  at  node  55 ,  are  illustrated  in  Figure  52  for  two 
mission  time  ranges ;  these  heat  flux  distributions  are  typical  of  hypersonic 
conical  bodies  at  small  angles  of  attack. 

The  various  modes  of  heat  transfer  included  in  the  analysis  are:  internal 
convection,  internal  radiation,  conduction  through  continuous  material  and 
interfaces  involving  fastening,  and  radiation  to  external  surroundings. 

Surfaces  of  the  double-face  corrugated  shell  are  assumed  to  have  an  emis- 
sivity  of  0.8,  while  the  payload  is  prptected  from  radiation  by  a  reflective 
covering  having  an  emissivity  of  0.15-  Assumptions  paralleling  those  for  the 
Mach  3-b  vehicle  thermal  model  have  been  used  for  the  Mach  12-15  vehicle 
centerbody.  Specifically,  they  are: 

(a)  A  linearized  temperature-time  profile  for  the  control  node 

(b)  Infinite  depth  perpendicular  to  the  plane  of  the  cross  section 
with  neither  temperature  nor  heating  rate  gradients  in  this 
direction 

(c)  Laboratory  (l  atmosphere)  pressure  internal  air  for  convective 
heat  transfer 

In  the  idealization,  it  was  assumed  that  no  conduction  paths  exist  between 
the  skin  and  the  payload;  therefore,  the  internal  section  is  heated  only  through 
convection  and  radiation. 
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Figure  52-  Circumferential  Heating  Rate  Distribution 
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The  effects  of  the  radiation  from  the  inner  surface  of  the  shell  to  the 


payload  and  between  the  various  nodes  of  the  inner  surface  have  been  found  to 
be  not  as  significant  as  for  the  Mach  3-**  vehicle.  The  effects  of  scaling  and 
radiation  on  the  centerbody  heating  rates  at  control  node  55  (Figure  lit)  are 
indicated  in  Figure  53  and  on  the  centerbody  temperatures  at  node  1  in  Figure  5** 
While  radiation  would  normally  be  expected  to  be  a  significant  factor  in  testing 
structures  operating  at  the  elevated  temperatures  attained  by  the  Mach  12-15 
vehicle,  the  results  of  analysis  summarized  in  Figures  53  and  5^  indicated  litt-i 
effect  of  internal  radiation.  This  resulted  from  the  arrangement  of  the  cross 
section:  a  highly  reflective  coating  protects  the  payload  from  radiation  and 
the  distance  between  the  payload  and  inner  skin  is  small,  largely  blocking  radi¬ 
ation  from  the  high  temperature  portion  of  the  cross  section  to  the  cooler 
regions.  Essentially,  for  the  Mach  12-15  vehicle  centerbody  cross  section 
selected,  conduction  was  the  dominant  mode  of  heat  transfer. 

The  temperatures  described  in  the  previous  paragraphs  have  been  used  to 
compute  thermal  stresses  for  the  Mach  12-15  vehicle  centerbody;  the  elastic 
thermal  stress  analysis  was  similar  to  that  of  the  Mach  3-^  vehicle.  The  lon¬ 
gitudinal  thermal  stresses  shown  in  Figure  55  indicate  that  the  maximum  thermal 
stresses  in  the  outer  surface  (nodes  2  and  56)  are  tension,  which  is  the  usual 
behavior  for  such  structures.  Figure  56  presents  the  circumferential  distri¬ 
bution  of  the  longitudinal  thermal  stress  at  the  time  of  maximum  compressive 
stress  in  node  1. 

The  thermal  stresses  for  the  centerbody,  based  on  temperature  distribu¬ 
tions  computed  with  and  without  internal  radiation  effects,  are  shown  in  Fig¬ 
ure  57.  The  close  agreement  of  these  stresses  confirms  that  the  internal  radi¬ 
ation  heat  transfer  process  is  not  significant  for  the  Mach  12-15  vehicle  cen¬ 
terbody  selected  for  analysis;  however,  removal  of  the  payload  would  cause 


Figure  54  -  Scaling  and  Radiation  Effects  on  Temperature  at  Node  1 
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Figure  56  -  Scaling  and  Radiation  Effects  on  Circumferential 

Distribution  of  Longitudinal  Thermal  Stresses 
Mach  12-15  Vehicle 
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Figure  57  -  Scaling  and  Radiation  Effects  on  Longitudinal  Thermal  Stress  at  Node  1 

Mach  12-15  Vehicle 


radiation  effects  to  become  very  significant  for  the  range  of  temperatures  con¬ 
sidered.  Internal  convection  has  also  been  determined  to  be  a  relatively  unim¬ 
portant  process  for  the  selected  centerbody;  thus,  conduction  is  the  most  signif¬ 
icant  process  affecting  thermal  stresses. 

The  computed  effect  of  thermal  stress  upon  ultimate  strength  of  the  Mach 
12-15  vehicle  centerbody  is  presented  in  Figure  58.  The  upper  curve  repre¬ 
sents  the  ultimate  strength  limit  as  affected  by  material  property  degradation 
due  to  temperature,  where  local  crippling  and  shell  instability  are  not  critical, 
The  middle  curve  indicates  the  bending  moment  that  could  be  developed  if  local 
crippling  of  the  corrugated  shell  were  critical.  The  lowest  curve  presents  the 
value  of  the  moment  that  could  be  developed  when  shell  instability  is  considered 
and  includes  the  effects  of  local  crippling  and  material  property  degradation. 

It  can  be  seen  that  the  effects  of  thermal  stress  are  greatest  for  instability 
failure,  less  for  crippling,  and  negligible  for  the  material  failure  limit.  If 
the  geometry  were  changed  to  allow  the  instability  limit  to  approach  the  crip¬ 
pling  limit,  or  if  the  crippling  limit  were  allowed  to  approach  the  material 
limit,  the  effects  of  thermal  stress  would  be  reduced. 

The  effect  of  the  thermal  environment  on  the  overall  stiffness  (El)  of  the 
total  cross  section  will  be  similar  to  its  effect  on  ultimate  strength.  How¬ 
ever,  the  effect  of  thermal  stress  is  not  significant  at  low  load  levels,  where 
only  temperature  degradation  effects  are  apparent.  At  higher  load  levels,  the 
mode  of  failure  affects  the  stiffness;  the  effect  being  greatest  for  overall 
failure,  less  for  local  element  failure,  and  negligible  for  bulk  material  failure. 

The  results  of  the  plastic  analysis,  performed  to  determine  the  Mach  12-15 
vehicle  centerbody  stable  section  ultimate  strength,  with  and  without  the  inclu¬ 
sion  oi  thermal  stress  effects,  are  presented  in  Figure  59-  It  can  be  seen 
that  as  the  bending  moment  is  increased,  the  plasticity  of  the  material  reduces 


Figure  58  -  Computed  Centerbody  Failing  Moment 
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Figure  59  -  Centerbody  Maximum  Stress 
as  a  Function  of  Applied  Moment 
Mach  12-15  Vehicle 
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both  the  magnitude  and  effect  of  the  thermal  stress  until  finally,  at  computed 
failure,  the  thermal  stress  is  negligible.  These  data  are  in  contrast  to  that 
presented  in  Figure  58  where  thermal  stresses  significantly  affect  the  compres¬ 
sive  strength. 

2.2.2  Test  Facility  Analysis  -  The  techniques  for  evaluating  the  test  com¬ 
plexities  for  the  Mach  12-15  vehicle  parallel  to  those  of  the  Mach  3-^  vehicle 
are  discussed  in  Subsection  1.2.2.  The  maximum  airframe  temperature  of  the 
vehicle  (1600°F)  is  well  within  the  capabilities  of  the  same  type  of  lamp  system 
as  described  for  the  Mach  3-1*  vehicle.  The  required  heating  and  cooling  rates 
for  laboratory  simulation  are  approximately  three  times  as  large  as  for  the 
Mach  3-**  vehicle.  The  Mach  3-1*  vehicle  lamp  distribution  was  determined  by  the 
need  to  maintain  a  uniform  flux  over  the  surface,  which  resulted  in  a  lamp  spac¬ 
ing  of  approximately  k  inches.  This  lamp  spacing  could  also  be  adequate  for  the 
Mach  12-15  vehicle,  since  the  same  lamps  could  be  used  at  a  higher  power  input. 
However,  assuming  no  larger  change  xn  power  input  to  the  lamps,  the  lamp  spac¬ 
ing  that  would  be  necessary  to  produce  such  large  heat  fluxes  tfSuld,  in  general, 
be  decreased.  Consequently,  there  would  be  additional  complexities  associated 
with  the  simultaneous  application  of  load  and  heat  under  these  more  severe  ther¬ 
mal  requirements.  The  detail  requirements  for  the  Mach  12-15  vehicle  are  pre¬ 
sented  in  Table  VIII. 

2.2.3  Cost  Analysis  -  The  cost  analysis  of  the  Mach  12-15  vehicle  was  per¬ 
formed  in  the  same  manner  as  for  the  Mach  3-*J  vehicle:  all  costs  are  presented  on 
a  relative  basis.  For  comparison  purposes,  the  ultimate  strength  verification  of 
the  full-scale  complete  vehicle  at  room  temperature  was  selected  as  the  base  cost 
values.  The  total  man-hour  cost  of  this  test  is  0.5  to  0.9  million  man-hours  and 
the  corresponding  dollar  cost  is  8  to  16  million  dollars. 

These  costs  are  based  on  estimates  derived  from  what  are  believed  to  be 
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3.  Contiol  channels  with  a  capacity  of  25  KVA. 

■1  Stiam  gages  cannot  be  used  at  tes>.ng  temperatures. 


reasonably  representative,  typical  data;  however,  they  should  be  considered  as 
gross,  first  level  approximations  to  actual  costs.  For  instance,  it  was  assumed 
that  laminar  flow  at  a  maximum  temperature  of  l600°F  was  chara  teristic  of  the 
in-flight  conditions.  Howe’er,  if  turbulent  flow  were  assumed,  the  maximum  in 
flight  temperature  would  approach  2800°F,  causing  a  disproportionate  increase 
in  these  base  costs;  in  fact,  this  would  occur  if  the  maximum  temperature  were 
assumed  to  be  2000°F.  For  this  reason,  the  relative  cost  estimates  have  greater 
accuracy  than  any  single  absolute  cost. 

Presented  in  Figures  60  and  6l  are  the  relative  man-hour  and  dollar  costs, 
respectively,  for  each  of  the  basic  approaches.  It  should  be  noted  that  the 
most  significant  difference  between  the  Mach  12-15  vehicle  and  the  Mach  3-^ 
vehicle  is  the  proportionately  higher  cost  of  fabricating  the  Mach  12-15  vehicle. 
This  difference  is  caused  by  the  more  difficult  type  of  construction,  combined 
with  the  expense  of  using  less  conventional  material. 

2.2.h  Conclusions 

(a)  The  effects  of  internal  radiation  on  the  thermal  stresses  developed  with¬ 
in  the  Mach  12-15  centerbody  selected  for  analysis  are  not  significant. 

(b)  The  effects  of  air  pressure  on  the  thermal  stresses  developed  within 
the  centerbody  enclosure  are  not  significant. 

(c)  Thermal  stresses  significantly  affect  the  expected  ultimate  compres¬ 
sion  strength  of  the  centerbody  but  have  an  insignificant  effect  on 
the  stable  section  ultimate  strength. 

(d)  For  the  mission  temperature  test  of  a  complete  Mach  12-15  vehicle, 

2 

the  heating  requirements,  either  ETU/ft  -hr.  or  BTU/hr. ,  are  not 
a  serious  problem;  the  real  heating  problems  are  associated  with 
equipment  reliability  and  the  possibility  of  producing  some  serious 
unwanted  and  unforeseen  thermal  effect. 
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(e)  Although  the  test  complexities  associated  with  the  Mach  12-15 
vehicles  are  greater  than  those  for  the  Mach  3—  U  vehicle  due  to  the 
more  severe  thermal  environment,  the  loading  and  heating  systems 
proposed  for  use  in  the  Mach  3-^  vehicle  testing  are  generally 
applicable  for  the  Mach  12-15  vehicle  testing. 

(f)  The  cost  of  the  speci..ien  fabrication  and  the  test  jig  design  and 
fabrication  are  the  most  significant  costs  for  complete  vehicle 
ultimate  strength  tests. 

2.3  Model  Testing  -  The  ultimate  strength  verification  of  the  Mach  12-15 
vehicle  using  the  basic  approach  of  model  testing  is  discussed  in  the  following 
subsections.  Presented  in  separate  subsections  are  the  engineering  analysis, 
test  facility  analysis,  cost  analysis,  and  conclusions.  The  effects  of  the 
modeling  approach  are  determined  by  comparisons  to  results  obtained  in  Sub¬ 
section  2.2,  Complete  Vehicle  Testing,  and  in  Subsection  1.3  for  the  Mach  3-' 
vehicle. 

2.3.1  Engineering  Analysis  -  The  description  of  modeling  effects  pre¬ 
sented  in  Subsection  1.3.1  for  the  Mach  3-^  vehicle  is  applicable  to  the  Mach 
12-15  vehicle.  The  modeling  effects  were  studied  in  detail  by  analysis  of  a 
half-scale  mathematical  idealization  of  the  centerbody  cross  section  described 
in  Subsection  2.2.1  and  shown  in  Figure  1^. 

Analogous  to  the  case  for  the  Mach  3-^  cross  section,  time  for  the  half¬ 
scale  model  was  scaled  according  to: 

2 

t  _  n  t 
in  -  p 

This  scaling  is  based  on  the  assumption  that  conduction  is  the  only  heat  trans¬ 
fer  mode.  Again,  the  radiative  heat  transfer  will  not  be  properly  scaled  unless 
surface  emissivity  can  be  increased  to  satisfy  the  following  condition: 


With  the  high  emissivity  values  of  the  structure  (e  =  .8),  proper  scaling  could 
not  be  achieved  for  the  half-scale  model.  This  prototype  value  of  emissivity 
was  also  used  in  the  analysis  of  the  half-scale  cross  section.  Internal  pres¬ 
sure  for  the  half-scale  idealization  was  one  atmosphere,  corresponding  to  lab¬ 
oratory  conditions.  Analogous  to  the  case  of  the  full-scale  cross  section,  the 
heating  rate  producing  the  prescribed  temperature- time  history  at  node  55  was 
determined  by  using  the  assumed  circumferential  heating  rate  distributions  of 
Figure  52,  with  the  time  reduced  by  a  factor  of  1/h.  The  temperature-time  his¬ 
tory  for  node  1  is  shown  in  Figure  5J»,  and  the  circumferential  temperature  dis¬ 
tribution  at  the  transition  between  ascent  and  cruise  (225  seconds  half-scale 
time)  is  presented  in  Figure  62.  Figure  53  presents  the  heating  rate  history 
for  the  control  node  (node  55). 

Closer  agreement  in  temperature  distributions  between  full  and  half-scale 
structures  resulted  for  the  Mach  12-15  vehicle  than  for  the  Mach  3-**  vehicle. 
This  appears  paradox1'  cal  because  radiation  would  be  expected  to  be  appreciably 
higher  for  the  Mach  12-15  vehicle  since  temperatures  are  greater  and  radiation 
necessitates  time  scaling  as : 


However,  further  examination  of  the  differences  between  the  two  structures  clari¬ 
fies  this.  First,  for  the  Mach  12-15  vehicle,  the  entire  structure  is  near  the 
external  shell  surface;  the  conduction  path  inward  is  rather  direct  and  much 
more  suitable  for  this  mode  of  heat  transfer  than  in  the  Mach  3-^  vehicle  wing 
cross  section.  Second,  the  presence  of  the  payload  prevents  the  radiation  from 
the  hotter  windward  region  of  the  Mach  12-15  vehicle  from  reaching  and  heating 
the  cooler  portions  of  the  structure.  Therefore,  the  heat  transfer  in  the  cir¬ 
cumferential  direction  of  the  shell  is  not  significantly  affected  by  internal 
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Figure  62-  Scaling  Effect  on  Circumferential  Temperature  Distribution 
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The  thermal  stresses  computed  for  this  cross  section  indicate,  as  before, 
that  the  effects  of  radiation  are  not  significant.  Figure  57  presents  the  ther¬ 
mal  stress  history  for  node  1  (Figure  1*0  of  the  half-scale  cross  section  of  the 
Mach  12-15  vehicle  centerbody.  The  magnitude  of  the  thermal  stresses  computed 
for  the  half-scale  cross  section  agrees  with  those  computed  for  the  full-scale 
cross  section;  this  is  in  sharp  contract  to  the  greater  differences  determined 
for  the  Mach  3-*t  vehicle.  The  closer  agreement  for  the  Mach  12-15  vehicle  ther¬ 
mal  stresses  can  be  explained  by  considering  the  importance  of  the  three  heat 
transfer  modes:  conduction,  radiation,  and  convection.  In  both  the  Mach  3-*4 

vehicle  and  Mach  12-15  vehicle  analyses  it  was  chosen  that  conductive  mode  of 

2 

heat  transfer  would  dictate  the  selection  of  model  time  (t  =  n  t  )  and,  conse- 

m  p 

quently ,  the  radiative  and  convective  heat  transfer  modes  are  not  scaled  properly. 
However,  the  close  agreement  for  the  full  and  half-scale  analyses  and  the  close 
agreement  for  the  analyses  of  the  full-scale  cross  section  with  and  without  the 
effects  of  internal  radiatio:  indicate  that  radiation  i  not  a  significant  mode 
of  heat  transfer  for  the  Mach  12-15  vehicle.  Similar  analyses  have  determined 
that  convection  is  also  not  significant.  Thus,  conduction  is  the  most  important 
heat  transfer  process  for  the  Mach  12-15  vehicle  centerbody  configuration  selected 
for  study  and  explains  the  close  agreement  of  thermal  stresses  developed  in  the 
full  and  half-scale  centerbody  models. 

It  is  concluded  that  although  thermal  stresses  do  significantly  affect  the 
computed  faxlxng  moment  (th°  shell  instability  moment  described  in  Subsection 
2.2.1),  the  close  agreement  between  the  full-scale  and  half-scale  model  stresses 
allows  the  use  of  a  model  to  verify  the  ultimate  strength  of  this  type  of  con¬ 
struction  . 

2.3.2  Test  Facility  Analysis  -  The  effects  of  modeling  upon  the  test 
requirements  for  the  Mach  12-15  vehicle  are  similar  to  those  for  the  Mach  3-U 
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vehicle,  as  discussed  in  Subjection  1.3.2.  The  laboratory  heating  and  cooling 
rates  are  increased  by  a  factor  of  l/'n;  for  a  half-scale  model  this  is  a  factor 
of  two.  In  order  to  maintain  heating  and  cooling  flux  uniformity  proportional 
to  that  which  would  be  attained  in  prototype  testing,  the  lamp  and  coolant  ori¬ 
fice  spacing  would  be  reduced  to  n  times  that  of  the  prototype.  The  flux  require¬ 
ments  for  the  half-scale  model  of  this  vehicle  are  the  largest  of  this  study; 
however,  they  are  well  within  the  limitations  of  the  heating  and  cooling  systems 
described  in  Subse<_tiui.  1.2.2.  The  detailed  requirements  for  the  Mach  12-15 
vehicle  half-scale  model  are  summarized  in  Table  VIII. 

2.3.3  Cost  Analysis  -  The  costs  of  the  model  testing  approach  for  the 
Mach  12-15  vehicle  show  a  trend  similar  to  that  for  the  Mach  3-4  vehicle.  The 
engineering  design  costs  of  the  test  specimen  are  greater  than  the  combined 
costs  of  designing  and  fabricating  the  room  temperature  test  jig.  As  before, 
the  costs  of  the  tooling  for  the  model  are  the  largest  costs  for  this  approach; 
the  actual  fabrication  costs  are  proportionally  larger  for  this  vehicle  than 
for  the  Mach  3-4  vehicle  because  of  more  expensive  manufacturing  techniques . 

The  modeling  approach  is  the  most  expensive  ultimate  strength  verification  tech¬ 
nique  for  the  Mach  12-15  vehicle.  The  costs  are  summarized  in  Figures  60  and  6l. 

2.3.1*  Conclusions 

(a)  Fabrication  feasibility  dictates  that  the  scale  factors  of  1/4,  1/2, 
or  3/4  be  considered,  with  1/2  appearing  most  usable.  Other  scale 
factors  would  require  greater  use  of  non-standard  hardware  or  require 
larger  deviations  from  scaled  geometry,  with  possible  effects  on  the 
ultimate  strength  of  the  specimen. 

(b)  For  a  structure  subjected  to  the  thermal  environment  of  the  Mach 
12-15  vehicle,  radiation  can  be  an  important  factor  in  the  heat 
transfer  process;  however,  because  of  its  type  of  construction  and 


reflective  coatings,  radiation  is  less  significant  for  the  Mach 
12-15  vehicle  centerbody  cross  section  than  for  the  Mach  3-4  vehicle 
wing  cross  section. 

(c)  Thermal  stresses  for  models  scaled  for  conductive  heat  transfer  are 
only  slightly  greater  than  full-scale  structures. 

(d)  The  effect  of  thermal  st  .*ss  upon  ultimate  strength  is  significant; 
however,  the  thermal  stress  variations  caused  by  modeling  are  not 
large  enough  to  significantly  affect  ultimate  strength  verification. 

(e)  Structural  models  appear  satisfactory  for  ultimate  strength  verifi¬ 
cation,  the  degree  of  thermal  stress  simulation  having  a  relatively 
minor  effect  in  this  case. 

(f)  Serious  drawbacks  to  the  model  approaches  are  the  cost  of  (l)  tooling 
for  fabrication  of  a  satisfactory  structural  model,  and  (2)  the 
engineering  effort  required  to  complete  model  drawings. 

2.4  Component  Testing  -  The  ultimate  strength  verification  of  the  Mach 
12-15  vehicle  using  the  basic  approach  of  component  testing  is  discussed  in  the 
following  subsections.  The  engineering  analysis,  test  facility  analysis,  cost 
analysis,  and  conclusions  are  presented  in  separate  subsections.  Effects  of  the 
component  approach  are  determined  by  comparisons  to  results  obtained  in  Sub¬ 
section  2.2,  Complete  Vehicle  Testing,  and  in  Subsection  1.4,  Component  Testing, 
Mach  3-4  Vehicle. 

2.4.1  Engineering  Analysis  -  The  results  ar.d  conclusions  for  the  wing 
cross  section  '  vnponent  of  the  Mach  3-4  vehicle,  discussed  in  Subsection  1.4, 
are  generally  applicable  to  the  wing  component  of  the  Mach  12-15  vehicle,  with 
some  exceptions.  The  effects  of  radiation  upon  the  temperatures  and  thermal 
stresses  in  the  mission  temperature  testing  of  the  complete  Mach  3-4  vehicle 
wing  were  found  to  be  important;  furthermore,  the  effects  of  radiation  were 
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found  to  be  significant  .n  the  attempt  to  duplicate  full-scale  complete  vehicle 
stresses  in  a  wing  component.  These  latter  effects  are  shown  in  Figures  U6 »  ^7, 
and  1*8;  Figure  1*6  presents  a  comparison  of  temp  matures  in  the  component  with 
and  without  the  effects  of  internal  radiation.  This  figure  indicates  that  the 
temperature  of  the  full-scale  complete  vehicle  can  readily  be  attained  in  a 
component  if  radiation  effects  are  not  present  in  either  structure;  however, 
with  radiation  included,  the  full-scale  complete  vehicle  temperature  is  not 
developed  in  the  component  due  to  the  effect  of  length  on  the  radiation  shape 
factors.  If  a  similar  structural  configuration  were  used  in  a  Mach  12-15  vehicle 
wing,  with  appropriate  changes  in  material,  the  effects  of  radiation  would  be 
more  important  and  the  attainment  of  full-scale  complete  vehicle  temperature  dis¬ 
tributions  would  be  more  difficult  than  in  the  Mach  3-^  vehicle  wing.  However, 
no  quantitative  analysis  has  been  performed  on  such  a  component  for  the  Mach 
12-15  vehicle  since  adequate  qualitative  conclusions  can  be  drawn  from  the  Mach 
3-h  vehicle  component  analysis. 

,  A  different  result  would  be  expected  in  the  centerbody  component  illustrated 
in  Figure  63.  While  radiation  would  normally  be  expected  to  be  a  significant 
factor  in  all  portions  of  the  Mach  12-15  vehicle,  Figures  53  and  5^  indicate  that 
the  effects  of  internal  radiation  in  the  centerbody  cross  section  are  small  com¬ 
pared  to  those  of  conduction.  This  results  from  the  design  of  the  cress  section, 
as  discussed  in  Subsection  2.2.1;  a  reflective  coating  protects  the  payload  from 
radiation,  and  the  payload  blocks  the  radiation  from  the  hotter  to  cooler  por¬ 
tions  of  the  shell.  Essentially,  conduction  is  the  only  heat  transfer  process 
of  significance  for  this  component.  The  previous  analysis  for  the  Mach  3-*< 
vehicle  indicated  that  the  attainment  of  proper  temperatures  in  a  component  is 
easier  if  interned  radiation  is  negligible,  as  indicated  in  figure  **6. 

Therefore,  considering  temperature  distributions  only,  it  is  concluded  that 
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Figure  63  -  Small-size  Components 
Mach  12-15  Vehicle 


a  component  of  relatively  small  length  may  be  employed  for  a  section  of  the 
complete  vehicle  in  which  the  internal  radiation  is  small,  compared  with  one 
in  which  an  appreciable  portion  of  the  heat  transfer  occurs  through  internal 
radiation.  In  the  Mach  3-4  vehicle  the  component  length  was  3  to  4  times  the 
wing  cross  section  depth  and  width,  and  a  suitable  test  section  resulted  when 
approximately  50  percent  of  this  structure  was  heated.  Hence,  for  a  similar 
ratio  of  component  length  to  width  (diameter)  for  the  Mach  12-15  vehicle,  the 
heated  portion  could  justifiably  be  less  than  50  percent.  The  seemingly  more 
difficult  process  for  the  Mach  12-15  vehicle  is  seen  to  actually  be  simpler  due 
to  the  structural  design.  It  should  again  be  noted  that  any  change  in  payload 
characteristics  could  result  in  radiation  becoming  a  significant  parameter. 

The  effects  of  structural  boundary  conditions  are  more  important  for  the 
Mach  12-15  vehicle  centerbody  component  than  ror  the  Mach  3-4  vehicle  wing 
component.  The  results  of  the  analysis  of  the  Mach  12-15  vehicle  component  are 
presented  in  Figure  64.  Both  of  these  analyses  assume  that  the  complete  vehicle 
temperature  distributions  exist  throughout  the  entire  component  length.  A 
length  of  4  to  6  feet  is  sufficient  for  the  Mach  3-**  vehicle  wing  component; 
however,  a  length  of  15  feet  is  required  for  the  Mach  12-15  vehicle  centerbody 
component. 

This  difference  in  behavior  is  explained  by  the  differences  in  the  type  of 
thermal  gradients  and  stresses.  The  thermal  stress  at  node  111  of  the  Mach  3-4 
vehicle  is  caused  by  the  difference  in  temperatures  between  this  location  and 
the  average  temperature  of  the  skin;  the  thermal  stresses  are  caused  by  tempera¬ 
ture  gradients  of  adjoining  structure.  In  contrast,  the  major  portion  of  the 
thermal  stress  in  the  Mach  12-15  vehicle  centerbody  is  caused  by  the  circum¬ 
ferential  temperature  difference  in  locations  on  the  structure,  separated  by  a 
large  portion  of  the  shell  circumference.  Therefore,  a  larger  component  length 
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Figure  64-  Effect  of  Component  Length  on 
Maximum  Longitudinal  Thermal  Stress 
Mach  12-15  Vehicle 
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is  required  to  develop  the  same  percentage  jf  full-scale  complete  vehicle  ther¬ 
mal  stresses.  The  component  length  indicated  in  Figure  63  is  10  feet.  Fig¬ 
ure  614  indicates  that  the  maximum  thermal  stress  developed  in  a  component  10  feet 
in  length  is  approximately  70%  of  that  developed  in  an  infinite  length  full-scale 
complete  vehicle.  In  the  analysis,  it  was  assumed  that  complete  vehicle  temper¬ 
ature  distributions  are  maintained  throughout  the  component.  The  effects  of  the 
temperature  distributions  actually  present  in  the  component  would  tend  to  increase 
thermal  gradients  and,  thus,  the  maximum  thermal  stresses.  However,  in  contrast 
to  the  results  of  the  component  analysis  for  the  Mach  3-1*  vehicle,  it  is  expected 
that  the  combined  effects  of  thermal  and  structural  boundary  conditions  would 
cause  the  maximum  thermal  stress  developed  in  the  component  to  be  less  than  in 
the  complete  vehicle.  The  computed  effects  of  thermal  stress  upon  ultimate 
strength,  as  indicated  in  Figure  58,  are  important  and,  therefore,  the  errors  in 
thermal  stresses  caused  by  the  component  approach  will  affect  the  ultimate 
strength  demonstrated  in  tests.  However,  the  resulting  error  in  ultimate  strength 
will  be  less  on  a  percentage  basis  than  the  error  in  thermal  stress;  hence,  it  is 
concluded  that  components  may  be  used  to  adequately  verify  the  ultimate  strength 
of  this  type  configuration. 

2.U.2  Test  Facility  Analysis  -  The  component  approach  for  the  Mach  j.2-15 
vehicle  allows  the  same  testing  economies  as  for  the  Mach  3-^  vehicle  and  the 
same  testing  flexibilities  with  regard  to  instantaneous  power  requirements,  pos¬ 
sibility  of  using  multiple  test  sites,  etc.  The  total  planform  area  of  the  com¬ 
ponents  shown  in  Figure  63  is  approximately  55$  of  the  vehicle  planform  area; 
this  allows  a  proportionate  decrease  in  the  total  testing  requirements  as  shown 
in  Table  VIII. 

2.U.3  Cost  Analysis  -  In  the  component  testing  cost  analysis  for  this 
vehicle,  the  equipment  reliability  and  useful  life  have  been  included  in  the 


determination  of  relative  costs.  The  jig  costs  for  the  components  include 
estimates  of  jig  weight  and  the  number  of  strain  gages,  thermocouples,  actua¬ 
tors,  and  lamps  required.  Since  it  was  assumed  that  all  control  equipment  neces¬ 
sary  to  perform  the  tests  would  be  available,  their  cost  is  not  included  in  the 
analysis.  The  engineering  design  of  the  components  including  the  selection  of 
boundaries  and  analysis  of  boundary  conditions  will  not  cause  significant  costs. 
Similarly,  the  costs  of  tooling  are  not  important  because  of  the  prototype  tool¬ 
ing  availability;  the  cost  of  fabricating  the  specimens  is  approximately  pro¬ 
portional  to  the  weight  of  structure  to  be  fabricated. 

Laboratory  costs  for  the  Mach  12-15  vehicle  component  approach  are  less 
than  the  costs  for  complete  vehicle  test.  This  is  in  contrast  to  the  laboratory 
costs  for  the  Mach  3-^  vehicle  where  the  component  approach  is  somewhat  more 
expensive.  This  difference  is  caused  by  the  selection  of  six  components  for  the 
Mach  3-l»  vehicle  and  only  two  components  for  the  Mach  12-15  vehicle;  it  is  more 
economical  to  provide  fewer  test  set-ups  with  larger  portions  of  the  total  struc¬ 
ture  included.  The  results  of  the  cost  analysis  for  the  ultimate  strength  test¬ 
ing  of  the  components  are  presented  in  Figures  60  and  6l. 

2 . U . U  Conclusions 

(a)  Components  for  the  elevated  temperature  tests  become  larger  than  would 
be  anticipated  for  load  application  only,  because  of  the  requirement 
for  providing  suitable  thermal  boundary  conditions.  The  benefits  are 
the  savings  of  heating  rate  required  at  any  instant,  the  reduction  in 
physical  size  of  the  test  facility,  and  the  capability  to  use  more  than 
one  facility  at  a  time. 

(b)  The  effects  of  radiation  on  temperature  and  thermal  stresses  are 
larger  for  the  Mach  12-15  vehicle  wing  cross  section  than  for  the 

Mach  3-**  vehicle  wing  cross  section  because  of  the  higher  temperatures. 
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(c)  The  presence  of  internal  radiation  within  a  component  will  generally 
cause  thermal  gradients  larger  than  in  the  prototype  dt"  to  the 
effect  of  length  on  the  radiation  shape  factors . 

(d)  The  maximum  thermal  stresses  developed  within  a  component  similar  to 
the  Mach  3-*i  vehicle  wing  component  will  generally  be  larger  than  in 
the  full-scale  complete  vehicle,  because  of  the  larger  temperature 
gradients  usually  present. 

(e)  The  maximum  thermal  stresses  developed  within  the  centerbody  component 
will  generally  be  smaller  than  in  the  full-scale  complete  vehicle, 
because  of  the  structural  boundary  conditions. 

(f)  The  effects  of  radiation  in  the  Mach  12-15  vehicle  are  potentially 
greater  than  in  the  Mach  3-h  vehicle,  requiring  that  greater  care  be 
used  in  the  selection  of  component  size  and  boundary  conditions  in 
the  Mach  12-15  vehicle. 

(g)  The  testing  costs  per  square  foot  of  specimen  will  be  more  when  sev¬ 
eral  components  rather  than  a  single  complete  vehicle  is  used. 

(h)  The  test  complexities  associated  with  the  simultaneous  application  of 
load  and  temperature  will  be  larger  than  for  the  Mach  3-4  vehicle 
component  testing. 

(i)  Components  appear  satisfactory  for  ultimat.  strength  verification  in 
which  the  degree  of  temperature  and  tnermal  stress  simulation  has  a 
relatively  minor  effect. 

2.5  Mechanical  Simulation  -  The  ultimate  strength  verification  of  the  Mach 
12-15  vehicle  using  the  basic  approach  of  mechanical  simulation  is  discussed  in 
the  following  subsections  The  engineering  analysis,  test  facility  analysis, 
cost  analysis,  and  conclusicns  are  presented  in  separate  subsections.  The  effects 
of  the  mechanical  simulation  are  determined  by  comparisons  to  results  obtained  in 
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Subsection  2.2,  Complete  Vehicle  Testing,  and  in  Subsection  1.5  for  the  Mach 
3-1*  vehicle. 

2.5*1  Engineering  Analysis  -  The  discussion  of  the  mechanical  simulation 
approach  as  applied  to  the  Mach  3-*t  vehicle  (Subsection  1.5*1)  is  also  applicable 
to  the  Mach  12-15  vehicle.  The  three  temperature  effects  (material  property 
degradation,  thermal  stresses,  and  the  modification  of  inelastic  stress-strain 
relationships  such  as  the  F  /F^  and  F  /E  ratios)  may  be  simulated  at  room 
temperature  by  modification  of  the  test  loading.  Figure  58  indicates  the  effects 
of  temperature  and  thermal  stress  on  computed  centerbody  failing  moment.  The 
computed  room/ elevated  temperature  strength  ratios  for  crippling  and  instability 
of  the  shell  are  1.09  and  l.hh,  respectively.  The  test  loads  must  be  increased 
by  9%  if  crippling  is  the  basic  mode  of  failure;  by  if  shell  instability  is 

the  basic  mode  of  failure.  As  with  the  Mach  3-b  vehicle,  prior  knowledge  of  the 
mode  of  failure  is  important  in  that  the  mode  of  failure  influences  the  choice 
of  load  increase  to  be  used  at  room  temperature. 

2.5*2  Test  Facility  Analysis  -  The  discussion  of  test  facility  analysis, 
cc  t  analysis,  and  conclusions  presented  for  the  Mach  3-^  vehicle  are  also  appli¬ 
cable  to  the  Mach  12-15  vehicle. 

The  facility  requirements  for  the  mechanical  simulation  approach  are  basic¬ 
ally  the  same  as  for  either  the  room  or  constant  elevated  temperature  test  of  the 
complete  vehicle,  component  or  model,  as  appropriate.  This  technique  simplifies 
the  test  procedure;  the  heating  system  is  either  not  required  or  need  not  be 
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stress  is  attempted,  the  loading  system  will  be  somewhat  more  complex.  However, 


in  general,  this  will  not  affect  the  total  facility  requirements.  The  require¬ 


ments  for  testing  using  mechanical  simulation  can  be  determined  from  Table  VIII 


for  the  choice  of  vehicle  type  and  temperature,  room  or  constant  elevated. 
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2.5.3  Cost  Analysis  -  Engineering  design  costs  are  unimportant  in  this 


approacn,  except  for  the  previously  discussed  cost  o  designing  a  half-scale 
model,  if  that  choice  of  vehicle  type  is  utilized.  The  selection  of  augmented 
loads,  the  choice  of  areas  of  mechanical  simulation  of  thermal  stress,  and  the 
additional  analysis  required  to  determine  ultimate  strengths  in  both  de'ign  and 
test  conditions  will  require  additional  engineering  effort.  Relative  to  the 
total  costs,  however,  the  cost  of  this  engineering  effort  is  not  important. 

The  costs  of  testing  using  mechanical  simulation  are  approximately  the  same  as 
indicated  in  Figures  60  and  6l  for  the  choice  of  vehicle  type  and  test  tempera¬ 
ture,  room  or  constant  elevated. 

2.5.1*  Conclusions 

(a)  One  inherent  limitation  of  the  attempt  to  simulate  induced  thermal 
stresses  by  mechanical  loadings  is  the  relatively  small  number  of 
locations  where  the  prototype  stress  levels  can  be  duplicated. 

(t)  Increases  in  applied  loads  to  account  for  thermal  effects  appears  to 
be  the  most  practicable  use  of  the  mechanical  simulation  approach, 
but  this  method  is  dependent  upon  the  availability  of  adequate  tech¬ 
niques  of  analysis  to  predict  failure  in  the  actual  thermal  environment. 

(c)  By  definition,  tests  in  which  the  thermal  effects  are  simulated  by 
mechanical  means  cannot  be  expected  to  produce  any  thermal  effect 
that  cannot  be  pre-analyzed  or  predicted. 

(d)  Mechanical  simulation  as  a  general  testing  approach  for  the  Mach  12-15 
vehicle  does  not  have  the  technical  merit  of  a  complete  vehicle  mis¬ 
sion  temperature  test  and,  therefore,  cannot  be  used  without  auxiliary 


tests . 


SECTION  VII 


FATIGUE  STRENGTH  VERIFICATION  TESTING  OF  THE  MACH  1-h  VEHICLE 

BASIC  API  ROACHES 

The  discussion  of  ultimate  strength  testing  of  the  Mach  3-^  vehicle  pre¬ 
sented  in  Section  VI. 1  is  generally  applicable  to  fatigue  testing  as  well, 
including  the  results  obtained  in  the  thermal  analyses.  However,  in  general, 
fatigue  strength  is  more  sensitive  to  errors  attendant  upon  the  use  of  the 
various  testing  approaches  than  is  ultimate  strength  testing.  For  example, 
analysis  indicates  the  effect  of  thermal  stresses  on  ultimate  strength  of  the 
wing  cross  section  to  be  small;  however,  the  effect  upon  fatigue  strength  may 
be  large,  as  indicated  in  Subsection  2.1.  Accordingly,  this  section  considers 
problems  expected  to  arise  in  the  fatigue  strength  testing  of  this  vehicle, 
and  focuses  attention  on  areas  that  affect  fatigue  strength  significantly  more 
than  ultimate  strength. 

1.  Parameters  Considered 

In  contrast  to  ultimate  strength  testing,  all  of  the  parameters  discussed 
in  Section  IV  have  an  effect  on  fatigue  life  and  must  be  considered  in  the 
establishment  of  a  fatigue  life  verification  test  program;  they  are,  however, 
not  of  equal  importance.  The  effect  of  some  of  these  parameters  may  be  assessed 

by  theoretical  considerations  ;  the  effect  of  other  parameters  may  be  assessed 
a  combination  of  theoretical  techniques  and  analysis  of  test  data;  finally  some 
parameters  can  be  investigated  only  by  testing.  The  parameters  that  may  be  inves¬ 
tigated  by  theoretical  techniques  are  those  causing  variations  in  temperatures 
and,  subsequently,  in  thermal  stress.  These  parameters  incluue: 

Model  size 

Surface  emissivities 

Interface  conductances 
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Parameters  to  be  investigated  by  combinations  of  analysis  and  available 
test  data  include: 

Creep 

Load  spectrum 
Ground-air-ground  cycle 

Material  degradation  caused  by  temperature 

Parameters  that  may  be  investigated  only  by  testing,  or  to  a  very  limited 
extent  by  analysis,  include: 

Metallurgical  charges 
Corrosion 
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Two  reheat  profiles,  along  with  the  original  control  temperature  profile, 
are  presented  in  Figure  65  for  the  wing  lower  outer  surface.  Reheat  profile  1 
commences  immediately  following  termination  of  the  first  mission  when  control  node 
93  is  at  150°F.  Reheat  profile  2  is  initiated  after  node  93  has  been  cooled  to 
60°F  and  represents  usual  laboratory  procedure.  Figure  66  presents  thermal  stress 
variation  resulting  from  the  recycling  temperature  profiles.  For  reheat  profile  1, 
the  maximum  thermal  stress  exhibits  an  18  percent  decrease  from  the  original  pro¬ 
file,  while  for  reheat  profile  2,  as  expected,  the  maximum  thermal  stress  is  only 
2  percent  less  than  the  corresponding  thermal  stress  for  the  original  profile. 

This  difference  in  results  can  be  explained  by  examination  of  the  temperature  pro¬ 
file  of  node  111  in  Figure  67.  It  can  be  seen  that  for  reheat  profile  1  node  111 
was  unable  to  cool  before  the  reheating  began,  while  for  reheat  profile  2 
considerable  cooling  had  occurred  at  this  node  before  reheating.  Thus,  for 
reheat  profile  2,  the  temperature  gradients,  as  indicated  by  the  differences 
in  temperature  between  node  93  and  node  Ill,  closely  duplicate  those  of  t  e 
original  profile.  However,  a  significant  time  disadvantage  is  realized  by 
using  reheat  profile  2  due  t6'  additional  cool-down  time  required.  This  time 
disadvantage  would  cause  the  theoretical  laboratory  testing  time  to  be  approxi- 

-a 

mately  25$  longer  than  true  mission  time.  Consequently,  a  profile  similar  to 
reheat  profile  1  would  be  preferred.  Towards  this  end,  an  analysis  was  per¬ 
formed  to  determine  the  shape  of  another  immediate  reheat  profile  which  still 
achieves  the  desired  thermal  stress  while  not  appreciably  altering  mission 
maximum  temperatures.  This  study  indicated  that  by  doubling  the  temperature- 
time  slope  of  reheat  profile  1,  the  maximum  thermal  stress  achieved  during 
mission  flight  is  duplicated  and  test  time  is  reduced  to  approximately  85$  of 
the  mission  time  and  65$  of  reheat  profile  2.  In  doing  this,  however,  the  peak 
surface  heating  rate  is  increased  to  1.3  times  the  corresponding  mission  value. 
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Figure  65  -  Reheat  Temperature  Profiles 
Mach  3-4  Vehicle 


Figure  66  Effect  of  Alternate  Reheat  Profiles  cn  Spanwise 

Thermal  Stress  at  Node  111 

Mach  3-4  Vehicle 
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Figure  67  -  Effect  of  Alternate  Reheat  Profiles  on  Temperature  at  Node  111 

Mach  3-4  Vehicle 
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2.1.2  Fatigue  Life  Analysis  -  In  order  to  investigate  tin  effects  of 


various  parameters  on  the  fatigue  life  of  a  8AI-IM0-IV  duplex-annealed  titanium 
structure,  a  representative  constant-life  fatigue  diagram  (Figure  68)  has  been 
determined  for  ti  Mach  3-*t  vehicle  wing  cross  section  for  the  expected  tem¬ 
perature  range  (R.T.  to  600°F)  and  stress  concentration  factor  (K^  =  5 )  - 

The  gust,  maneuver,  and  combined  load  spectra  for  this  vehicle  are  presented  in 
Tables  II,  III,  and  IV  (Section  V),  respectively.  The  fatigue  life  of  the 
Mach  3-^  vehicle  was  determined  by  means  of  the  Palmgren-Miner  hypothesis  with 
the  use  of  the  representative  fatigue  life  diagram  (Figure  68)  and  the  combined 
gust-maneuver  load  spectrum  (Table  IV ) .  The  results  of  this  analysis  for  nodes  90 
and  111  are  presented  as  curves  A  in  Figures  69  and  TO,  respectively. 

2 . 1 . 2 . 1  Effect  of  Thermal  Stresses  on  Fatigue  Life  Without  the 
G-A-G  Cycles  -  A  fatigue  analysis  has  been  performed  to  determine  the  effects 
of  thermal  stresses  on  the  fatigue  life  of  the  Mach  3-**  vehicle.  Thermal  stresses 
are  additive  to  the  maneuver  mean  and  gust  mean  flexural  stresses.  Their  esti¬ 
mated  effects  upon  the  fatigue  life  are  presented  as  curves  B  in  Figure  69  for 
a  maximum  thermal  stress  at  node  90  of  approximately  -5  KSI  and  in  Figure  70 
for  a  maximum  thermal  stress  at  node  111  of  approximately  +25  KSI  (see  also 
Figures  22  and  23).  Note  that  the  calculated  effect  on  fatigue  life  of  the 
thermal  stress  history  produced  at  the  lower  outer  surface  of  the  wing  (node  90) 
is  negligible,  while  the  corresponding  effect  at  the  lower  inner  surface  of  the 
wing  (node  111)  is  more  pronounced.  However,  the  flexural  mean  stress  at  node  111 
is  less  than  at  the  outer  surface  of  the  wing,  since  the  node  is  closer  to  the 
neutral  axis  of  the  cross  section.  Therefore,  this  analysis,  which  does  not 
include  the  effects  of  the  ground-air-ground  cycle,  indicates  that  fatigue  at 
node  111  is  less  critical  than  at  node  90,  in  the  desired  range  of  life 
(1j0,000  flights). 
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Figure  68-  Representative  Modified-Goodman  Diagram 
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Notes: 


Fig  uce  70  -  Effect  of  Thermal  Stress  on  Estimated  Flights  to  Failure  at  Node  111 

Mach  3-4  Vehicle 
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„  2. 1.2. 2  Effect  of  G-A-G  Cycles  on  Fatigue  Life  -  To  determine  the  effects 

of  the  G-A-G  cycles  on  fatigue  life,  the  gust,  maneuver,  and  thermal  stress  data 
discussed  previously  were  used  in  combination  with  the  G-A-G  cycles  assumed  to 
occur  during  the  mission.  For  the  Mach  3-^  vehicle,  it  is  assumed  that  for  the 
ground  portion  of  the  cycle  the  maximum  compressive  stress  in  the  tension  skin  <? 

during  landing  impact  is  equivalent  to  -0.2g;  therefore,  the  complete  G-A-G  cycle 
includes  this  -0.2g  load  level  and  the  maximum  gust  or  maneuver  loading  which 
occurs  during  the  subsequent  flight.  A  modification  of  the  conventional  appli¬ 
cation  of  the  Palmgren-Miner  technique  was  used  to  compute  the  effects  on  fatigue 
life  caused  by  the  application  of  G-A-G  cycles;  the  results  are  presented  as 
curves  C  in  Figures  69  and  70.  In  this  analysis  it  was  considered  that  the  peak 
of  the  G-A-G  cycle  is  developed  when  the  maximum  positive  gust  or  maneuver  load 
factor  occurs  during  each  flight ;  the  alternating  stress  is  one-half  the  dif¬ 
ference  between  this  stress  and  the  negative  stress  developed  during  the  ground 
portion  of  the  cycle.  Figure  71  indicates  the  relative  effect  of  G-A-G  cycles 
on  the  fatigue  life  at  node  90  when  such  cycles  are  applied  in  conjunction  with 
flight  loads.  It  is  seen  that  the  G-A-G  cycles  account  for  approximately  91% 
of  the  fatigue  damage. 

To  determine  the  accuracy  of  the  modified  Palmgren-Miner  technique  used  to 
determine  the  fatigue  life  with  the  inclusion  of  G-A-G  cycles,  a  similar  analysis 
was  performed  for  literature-reported  fatigue  test  results  or.  7075-T6  aluminum- 
alloy  edge  notched  specimens  having  a  stress  concentration  factor  of  U.  By  using 
the  variable-amplitude  loading  spectrum  presented  in  Reference  6  and  the  con¬ 
stant  amplitude  S-N  curves  presented  in  Reference  7 ,  the  predicted  flights  to 
failure  for  the  aluminum  specimens  were  calculated  and  then  compared  to  the  test 
results  presented  in  Reference  6.  Figure  72  presents  the  results  of  this 
analysis  and  indicates  close  agreement  between  the  predicted  and  achieved  flights 
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Spectrum  Alternating  Load  Level  -  Ag 

Figure  71  -  Effect  of  Ground-Air-Ground  Cycles  on  Fatigue  Damage 
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Estimated  Fatigue  Damage  Per  Load  Level  -  n/N 
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Spectrum  Alternating  Load  Level  -  Ag 


Figure  72  -  Effect  of  Ground-Air-Ground  Cycles 
on  Fatigue  Damage  -  Correlation  With  Tests 
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to  failure  when  the  G-A-G  cycles  are  included,  thus  providing  a  partial  con¬ 
firmation  of  the  method  used  for  the  Mach  3-^  fatigue  life  calculations. 

The  discrepancy  between  the  predicted  and  achieved  flights  to  failure  when 
flight  loads  only  are  considered  is  due  to  the  conservatism  of  the  Palmgren- 
Miner  technique  for  randomized  spectrum  loading,  where  beneficial  residual 
stresses  can  increase  the  fatigue  life  of  the  test  article.  The  significant 
reduction  in  life  with  the  insertion  of  G-A-G  cycles  is  attributed  to  the  change 
in  residual  stresses  at  the  base  of  the  discontinui by  which  are  either  reduced 
or  reversed,  depending  on  the  magnitude  of  the  G-A-G  cycle.  In  either  case, 
the  succeeding  cycles  will  contribute  damage  at  a  much  greater  rate  than  if  the 
G-A-G  cycles  were  not  applied. 

2. 1.2. 3  Effect  of  Thermal  Stresses  on  Fatigue  Life  With  G-A-G  Cycles  - 
Curve  D  in  Figure  69  presents  the  effect  of  thermal  stresses  on  the  fatigue  life 
at  node  90,  with  the  G-A-G  cycles  considered;  curves  D  and  E  in  Figure  JO  pre¬ 
sent  similar  data  for  node  111.  At  node  111,  there  is  little  computed  fatigue 
damage  induced  by  thermal  stresses  when  only  flight  loads  are  considered,  since 
the  superimposed  thermal  stresses  developed  during  the  mission  increase  only 
the  mean  stress  in  the  fatigue  life  computation  using  the  Palmgren-Miner 
hypothesis.  To  determine  the  fatigue  life  when  the  G-A-G  cycles  are  included, 
a  modified  Palmgren-Miner  fatigue  analysis  was  performed.  In  this  analysis  it 
was  assumed  that  the  peak  magnitude  of  thermal  stress  occurring  each  flight 
superimposed  on  the  peak  stress  of  the  G-A-C-  cycle.  Consequently,  the  super¬ 
imposed  thermal  stresses  increased  both  the  mean  and  alternating  stresses  by 
an  amount  equal  to  one-half  of  the  peak  thermal  stress.  Therefore,  when  thermal 
stresses  and  G-A-G  cycles  are  both  included,  a  greater  decrease  in  life  is 
evidenced.  At  node  90,  where  relatively  small  thermal  stresses  are  induced, 
the  effect  of  thermal  stresses  upon  fatigue  life  when  the  G-A-G  cycles  are 
included  is  not  as  pronounced  as  at  node  111. 
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Figure  73  indicates  the  relative  effect  of  the  combined  thermal  stresses 
and  G-A-G  cycles  as  compared  to  maneuver  and  gust  cycles  on  fatigue  damage  at 
node  90;  Figure  7^  presents  similar  data  *f or  node  111.  At  both  locations,  the 
synergistic  effects  of  thermal  stresses  and  G-A-G  cycles  on  the  total  fatigue 
damage  is  pronounced;  especially  at  node  111  when  relatively  large  tensile 
thermal  stresses  are  realized.  This  is  apparent  in  Figure  75  where  a  summary 
of  the  estimated  flights  to  failure  for  various  loading  conditions  is  presented. 

2. 1.2.U  Fffects  of  Creep  Strains  on  Fatigue  Life  -  For  the  8AI-IM0-IV 
duplex-annealed  titanium  alloy,  the  macroscopic  effect  of  creep  deformations 
on  the  fatigue  life  of  the  Mach  3-1*  vehicle  has  been  found  to  be  negligible . 

This  is  illustrated  in  Figure  j6  where  creep  plastic  deformations  are  shown 
to  be  small  compared  to  short  time  plastic  deformations  due  to  mechanical  loads. 
If  the  inelastic  strain  effect  on  fatigue  life  is  due  to  the  magnitude  of 
plastic  flow,  creep  deformations  contribute  only  a  small  amount  to  the  total 
damage  compared  to  deformations  caused  by  short  time  maneuver  loads.  Conse¬ 
quently,  the  macroscopic  effects  of  creep  deformations  on  the  fatigue  life  of 
the  Mach  3-1*  vehicle  are  expected  to  be  negligible  for  notched  specimens  formed 
of  the  titanium  alloy  considered.  Furthermore,  based  on  tests  reported  in  the 
literature,  it  is  tentatively  concluded  that  the  microscopic  creep  effects  due 
to  changes  in  metallurgical  structure  in  notched  specimens  of  this  material 
are  also  small. 

2.2  Test  Facility  Analysis  -  The  test  facility^ for  fatigue  testing  of  the 
Mach  3-1*  vehicle  will  be  very  similar  to  the  ultimate  strength  test  facility 
described  in  Section  VI,  with  two  possible  exceptions:  equipment  required  for 
cooling  and  desired  accuracy  of  load  or  temperature  simulation. 

It  is  probable  that  the  critical  condition  or  conditions  for  the  ultimate 
strength  verification  testing  occur  during  the  climb  portion  of  the  mission,  or 
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Figure  74  -  Effect  of  Thermal  Stress  and  Ground-Air-Ground 
Cycles  on  Fatigue  Damage  at  Node  111 
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Estimated  Flights  to  Failure  -  1000  Flights 

Figure  75-  Effect  of  Thermal  Stress  and  Ground-Air-Ground  Cycles 

on  Estimated  Flights  to  Failure 
Mach  3-4  Vehicle 
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at  the  end  of  climb,  which  coincides  with  the  time  of  maximum  thermal  stress 
for  much  of  the  structure.  Cooling  is  not  required  for  duplication  of  either 
of  these  conditions;  icvever,  mission  simulation  of  temperatures  for  fatigue 
testing  does  require  cooling.  If  accurate  duplication  of  temperatures  during 
cooling  were  not  required  a  gross  technique  would  be  sufficient,  although 
"natural"  cooling  obtained  by  merely  deactivating  the  heating  system  would 
require  too  large  of  an  elapsed  test  time.  The  coolant  system  design  is  discussed 
in  Section  VI. 1.2. 2  and  the  required  mass  flow  of  cooling  air  is  indicated  in 
Table  V. 

The  second  difference  between  ultimate  and  fatigue  testing  lies  in  the 
desired  accuracy  of  load  and  temperature  simulation.  As  was  indicated  in  Sub¬ 
section  2.1.2. 3,  thermal  stresses  can  have  a  major  influence  on  the  fatigue  life 
of  a  structure;  consequently,  the  automatic  load  and  temperature  control  equip¬ 
ment  must  be  more  reliable  in  fatigue  testing  than  in  ultimate  strength  testing. 
However,  the  simultaneous  cyclic  application  of  load  and  temperature  presents  a 
problem  in  that  the  possibility  of  system  failures  occurring  is  increased,  caus¬ 
ing  an  increase  in  down  time.  It  has  been  assumed  in  the  present  study  that 
the  facility  requirements  presented  in  Table  V  are  applicable. 

2.3  Cost  Analysis  -  The  engineering  and  manufacturing  costs  for  the 
fatigue  test  specimen  'ill  be  almost  identical  to  those  of  the  ultimate  strength 
test  specimen;  these  costs  are  discussed  in  Section  VI.?.  2.3. 

The  basic  difference  in  the  costs  between  fatigue  testing  and  ultimate 
strength  testing  is  that  of  test  performance.  The  increased  costs  of  fatigue 
testing  are  due  to  the  power  required  to  heat  and  cool  the  specimen,  lamp  and 
other  equipment  replacement ,  man-houro  required  for  test  operation  and  main¬ 
tenance,  and  man-hou.  ;  required  for  facility  and  specimen  maintenance  or 
repair.  These  man-hour  costs  are  proportional  to  the  total  time  required  for 
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the  completion  of  the  test;  they  are  indicated  in  Figure  36.  The  test  per¬ 
formance  costs  are  shown  in  Figure  37 ;  the  power  and  man-hour  costs  are  com¬ 
bined  into  a  single  category  titled  test  performance,  which  includes  down¬ 
time;  the  equipment  is  included  in  the  jig  cost  category. 

The  constant  elevated  temperature  technique  for  fatigue  testing  does  not 
require  a  cooling  system.  This  reduction  in  test  complexity  allows  companion 
reductions  in  test  staff  and  in  total  time  required  to  perform  the  test. 

Further,  the  room  temperatxire  testing  approach  offers  greater  economies  than 
do  the  mission  or  constant  elevated  temperature  approaches. 

2.1*  Conclusions  -  The  following  conclusions,  identical  to  those  determined 
for  the  complete  vehicle  testing  approach  applied  to  ultimate  strength  verifica¬ 
tion  testing,  are  applicable  to  a  complete  vehicle  fatigue  testing. 

(a)  The  effects  of  internal  radiation  within  the  wing  cross  section 
on  thermal  stress  are  significant. 

(b)  The  effects  of  interface  conductance  between  the  surfaces  of  the 
wing  cross  section  and  air  pressure  within  the  wing  cross  section 
on  thermal  stress  are  not  significant. 

(c)  The  effects  of  relatively  small  test  control  temperature  error 
may  be  expected  to  cause  significant  deviations  in  thermal  stress, 
and  therefore  in  fatigue  life,  if  the  G-A-G  cycle  is  included. 

p 

(d)  Heat  flux,  either  BTU/hr.  or  BTU/ft'-hr.,  is  not  a  serious  problem; 
the  real  heating  problems  are  associated  with  equipment  reliability, 
the  possibility  of  producing  some  serious  unwanted  and  unforeseen 
thermal  effect,  and  the  difficulty  of  '’or.trolling  temperatures 

over  large  areas. 

The  following  conclusions  are  different  from  those  determined  for  the 
complete  vehicle  testing  approach  applied  to  ultimate  strength  verification 
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testing  and  are  basically  applicable  to  mission  temperature  fatigue  testing: 

(a)  For  vehicles  designed  for  long  fatigue  life,  such  as  the  Mach  3-^ 
vehicle,  analysis  indicates  that  creep  is  not  of  major  significance, 
and  hence  its  simulation  is  of  secondary  importance. 

(b)  For  the  fatigue  strength  verification  testing  of  certain  portions 
of  the  Mach  3-^  vehicle  (wing  carry-through,  inner  wing,  etc.), 

G-A-G  cycles  are  extremely  important. 

(c)  Thermal  stresses  are  not  of  significant  importance  for  fatigue  life 
simulation,  if  only  flight  loads  are  considered.  However,  if  the 
ground-air-ground  cycle  is  included  in  the  testing  program,  the 
thermal  stress  simulation  becomes  important. 

(d)  The  additional  requirement  for  cooling  causes  the  mission  temperature 
fatigue  test  to  be  more  complex,  and  therefore  more  difficult  than 
the  mission  temperature  ultimate  strength  test. 

(e)  The  test  cooling  requirements  for  this  vehicle  are  more  restrictive 
than  the  heating  requirements  due  to  the  large  cooling  requirements 
at  moderate  temperatures  where  re-radiation  is  not  significant. 

(f)  The  largest  additional  cost  for  fatigue  rather  than  ultimate  strength 
testing  is  caused  by  the  man-hours  required  for  test  performance. 

3.  Model  Testing 

3.1  Engineering  Analysis  -  The  engineering  analysis  pertaining  to  ulti¬ 
mate  strength  considerations  in  model  testing  described  in  Section  VI. 1.3.1 
are  also  applicable  to  the  fatigue  verification  testing  using  models.  The 
effects  in  temperature  errors  caused  by  modeling  are  more  important  in  fatigue 
strength  verification  than  in  ultimate  strength  verification,  because  of  the 
greater  importance  of  thermal  stresses  on  fatigue  life.  Temperature  profiles 
for  the  point  of  maximum  thermal  stress  (node  111,  Figure  8)  are  shown  in 
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Figure  39.  The  use  of  a  structural  model  generally  causes  temperatures  at 
such  internal  locations  to  be  l^wer  than  for  the  prototype,  and  this  greater 
temperature  difference  between  the  outer  and  inner  surfaces  of  the  wing 
structure  induces  thermal  stresses  that  are  larger  in  the  model  than  in  the 
prototype.  This  effect  of  modeling  upon  thermal  stresses  is  shown  in  Fig¬ 
ures  22  and  23.  In  Figure  23,  the  maximum  thermal  stress  at  node  111  in 
the  full-scale  complete  vehicle  is  16,800  psi,  while  in  the  half-scale  cross 
section,  it  is  20,500  psi.  The  effect  of  this  difference  in  thermal  stress 
on  estimated  flights  to  failure  may  be  determined  from  Figures  69  and  70; 
for  a  lg  mean  stress  at  node  90  of  25,000  psi  with  the  G-A-G  cycle.  Figure  69 
indicates  the  full-scale  cross  section  at  a  thermal  stress  of  16,800  psi  would 
fail  at  29,000  flights  and  the  half-scale  cross  section  at  a  thermal  stress  of 
20,500  psi  would  fail  at  23,500  flights.  Consequently,  the  analysis  to  deter¬ 
mine  the  effect  of  modeling  on  fatigue  life  as  affected  by  thermal  stress  indi¬ 
cates  that  a  half-scale  model,  fatigue  tested  at  mission  temperatures,  would 
fail  in  8l$  of  the  life  of  a  similarly  tested  full-scale  complete  vehicle. 

Other  parameters  that  will  be  non-scalable  in  a  fatigue  model,  indicated 
in  Table  VII,  include  creep,  cyclic  rate,  surface  finish,  tolerances,  and 
stress  gradients.  For  the  same  stresses  in  a  model  and  a  full-scale  complete 
vehicle,  creep  is  noo  a  scalable  factor,  if  the  test  is  performed  at  mission 
temperatures;  this  results  from  model  test  time  scaling  as  the  square  of  the 
model  scale  factor.  Thus,  four  minutes  of  test  time  in  the  full-scale  vehicle 
would  be  replaced  by  one  minute  in  the  model  and,  therefore,  the  correct  amount 
of  creep  would  not  be  produced  in  the  model  fatigue  test  at  the  same  stress 
levels.  It  is  also  true  that  the  interaction  between  creep  deformation  and 
thermal  and  mechanical  load  deformations  would  not  be  accurately  reproduced  in 
the  model  fatigue  test  at  the  same  stress  levels.  However,  as  indicated  in 
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Subsection  2.1.2.U,  creep  macroscopic  deformations  are  small  in  comparison  to 
the  plastic  strains  developed  by  short  term  gust  or  maneuver  cycles;  therefore, 
the  macroscopic  strain  effects  of  creep  are  judged  to  be  not  significant.  Simi¬ 
larly,  the  microscopic  metallurgical  effects  are  not  expected  to  be  significant 
for  alloys  whose  transformation  temperatures  are  much  higher  than  the  exposure 
temperature;  therefore,  the  fatigue  life  of  the  half-scale  model  should  not 
be  significantly  affected  by  the  non-scalable  creep  effects. 

The  desired  scale  factor  for  cyclic  rate  (load  frequency)  from  prototype 
to  model  is  the  square  of  the  linear  scale  factor  (see  Table  VII).  Therefore, 
the  fatigue  loads  must  be  applied  four  times  as  rapidly  to  the  model  as  to  the 
full-scale  complete  vehicle,  if  mission  temperatures  are  used.  This  relatively 
small  change  in  laboratory  load  frequency  is  not  expected  to  have  a  significant 
effect  on  fatigue  life. 

Generally,  surface  finishes  and  tolerances  will  not  be  scaled  in  a  model. 

It  is  expected  that  surface  finish  will  be  approximately  the  same  in  the  full- 
scale  structure  and  model;  the  maintenance  of  scaled  tolerances  in  a  model  will 
be  difficult. 

The  desired  stress  gradient  in  a  model  is  1/n  that  of  the  full-scale  complete 
vehicle;  for  a  half-scale  model,  the  stress  gradient  would  be  twice  that  of 
the  full-scale  vehicle.  So,  for  a  given  size  of  surface  imperfection  in  both 
the  prototype  and  model,  the  volume  of  the  highly  stressed  metal  region  is  con¬ 
siderably  less  in  the  model  than  in  the  full-scale  vehicle.  Due  to  the  impos¬ 
sibility  of  scaling  of  material  parameters  such  as  grain  size  or  hardened 
particle  spacing,  this  smaller  vol’me  of  highly  stressed  material  is  expected 
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to  increase  the  life  of  the  model  in  comparison  to  that  of  the  prototype. 
Closely  related  to  this  are  the  effects  of  specimen  size;  if  the  model  were 
fabricated  with  scaled  geometry,  scaled  stress  gradients,  equal  stress  con¬ 
centrations,  scaled  surfac  finish,  scaled  tolerances,  and  scaled  metallurgical 
structure  (grain  size,  etc.),  the  deviation  between  the  fatigue  life  of  a  model 
and  the  fatigue  life  of  the  prototype  would,  theoretically,  be  insignificant. 

A  McDonnell  sponsored  cest  program  has  been  conducted  to  evaluate  the 
effect  of  modeling  on  fatigue  life.  The  fatigue  lives  of  full  and  half-scale 
single-shear  bolted  lap  joint  specimens  were  determined  by  test  and  compared 
to  the  results  of  tests  conducted  on  specimens  of  the  same  nominal  geometric 
configuration  as  presented  in  Reference  8.  The  full-scale  test  specimens 
were  made  from  a  single  sheet  of  bare  202U-T3  stock  of  0.125"  thickness;  the 
half-scale  specimens  were  obtained  by  chem-milling  the  basic  sheet  to  the 
required  0.063"  thickness.  A  description  of  the  specimens  is  presented  in 
Figure  77 ;  a  summary  of  the  results  is  contained  in  Table  IX.  Figure  78  pre¬ 
sents  the  fatigue  lives  of  the  full  and  half-scale  specimens,  as  well  as  the 
results  of  alclad  sheet  specimen  tests  reported  in  Reference  8.  On  the  basis 
of  these  tests,  it  appears  that  the  ultimate  strength  characteristics  of  the 
McDonnell-tested  half-scale  specimens  are  scalable.  However,  the  fatigue 
tests  indicate  that  the  fatigue  lives  are  not  scalable,  since  at  stresses 
less  than  25  KSI,  the  half-scale  specimens  exhibited  a  greater  fatigue  life 
than  the  full-scale  specimens. 

An  apparent  contradiction  to  the  results  for  the  bolted  lap  joint  tests 
was  found  in  Reference  9  in  which  the  results  obtained  from  the  flexural 
fatigue  testing  of  bare  202h-T3  aluminum  alloy  of  triangular  coupon  specimens 
mounted  as  cantilever  beams  were  reported.  These  specimens  wore  rigidly 
attached  along  one  edge  of  the  triangular  shape  coupon  and  were  designed  to 


Scale  Specimen 


TABLE  IX 

SUMMARY  OF  BOLTED  LAP  JOINT  TESTS 

Boited  Lap  Joint  Ultimate  Strength  Tests 


Specimen 

■ 

Ave.  Thickness 

1 

Ultimate  Failing 

mESm 

(In.) 

HUH 

Load  (Lb.) 

1 

Full-scale 

9950 

2 

MW 

Half-scale 

2390 

Bolted  Lap  Joint  Fatigue  Tests 


Specimen 

Width 

(In.) 

Ave.  Thickness 
(In.) 

Maximum  Load 
(Lb.) 

Minimum  Load 
(Lb.) 

Fatigue  Life 
(1000  Cycles) 

Full-scale  specimens^) 

3 

1.5045 

0.1276 

5600 

HiH| 

69 

4 

i : 

0.1276 

5600 

39 

5 

5600 

43 

6 

0.127/ 

3730 

1 

168 

7 

■ 

3730 

131 

8 

1.5055 

— 

3730 

1  '  1 

63 

Half-scale  specimens^) 

9 

mSSM 

UPlf 

1400 

59 

10 

BSH 

1400 

64 

11 

mu 

1400 

1 

41 

12 

1 19 

0.0647 

930 

389 

13 

0.7512 

0.0641 

930 

230 

104 

Notes:  1.  See  Figure  77  for  specimen  geometry. 
2.  2024-T3  material. 
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Ultimate  strength  -  full-scale 


Figure  78  -  Fatigue  Life  of  Full-Scale  and  Half-Scale  Bolted  Lap  Joints 


cause  crark  initiation  at  the  center  of  the  long  edge  when  the  specimen 
vibrated  in  the  first  bending  mode.  The  results  of  these  tests  indicate  that 
the  one-third  scale  specimens  exhibit  shorter  fatigue  lives  than  the  full-scale 
specimens.  No  clear  explanation  is  available  for  this  behavior  at  this  time. 

Three  phenomena  may  be  considered  in  the  investigation  of  the  effects  of 
modeling  on  fatigue  life:  crack  initiation,  crack  propagation,  and  finally, 
failure.  Crack  initiation  is  considered  first.  For  the  case  in  which  fatigue 
cracks  initiate  from  holes  or  fillets,  where  the  crack  must  be  initiated  before 
propagation  may  occur,  the  fatigue  life  of  a  one-half  scale  model  may  exceed 
the  fatigue  life  of  the  full-scale  specimen  by  a  factor  of  five.  For  the  case 
in  which  the  cracks  are  modeled,  that  is,  they  are  proportioned  to  the  thickness 
and/or  the  width  of  the  weld  bead  and  occur  in  the  same  number  as  in  the  proto¬ 
type,  the  model  is  expected  to  exhibit  greater  fatigue  life  than  the  prototype. 
However,  for  the  case  in  which  the  cracks  ir.  the  model  and  prototype  are  the 
same  size,  that  is,  they  are  caused  by  the  basic  welding  pi’ocess  ana  are  not 
properly  scaled,  the  model  fatigue  life  would  be  expected  to  be  less  than  that 
of  the  full-scale  specimen. 

For  the  second  phenomenon,  a  study  was  made  of  the  results  reported  in 
Reference  10  to  evaluate  the  jrack  propagation  rates  and  residual  strength 
characteristics  of  flat  sheet  specimens  made  of  L73  material  containing  cracks. 
It  was  determined  that  the  critical  crack  length  and  the  rate  of  crack  propa¬ 
gation  are  a  function  of  the  size  of  the  specimen,  which  agrees  with  other 
test  data.  From  Figure  79  it  can  be  seen  that  the  scaled  critical  length  in 
the  1/3  scale  model  is  longer  than  that  of  the  prototype,  which  would  indicate 
that  the  model  would  have  fatigue  life  greater  than  that  of  the  full-scale 
specimen.  However,  other  data  presented  in  that  reference  indicate  that 
(1)  as  the  actual  width  of  the  plate  is  decreased,  the  rate  of  crack  propagation 
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Figure  79  —  Effect  of  Scaling  on  Residual  Tension  Strength 
of  Aluminum  Sheet  Containing  Cracks 
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increases,  which  would  tend  to  decrease  the  fatigue  life  of  the  model  in  rela¬ 
tion  to  that  of  the  prototype,  and  (2)  as  the  actual  thickness  of  the  plate  is 
decreased,  the  rate  of  crack  propagation  is  reduced  in  relation  to  the  proto¬ 
type.  The  data  presented  are  somewhat  inconclusive  as  to  the  extent  of  com¬ 
pensation  between  these  effects,  making  the  prediction  of  the  relative  fatigue 
life  between  models  and  prototypes  on  the  basis  of  rate  of  crack  propagation 
questionable . 

Consequently,  if  a  reasonably  accurate  fatigue  life  prediction  of  a  full- 
scale  structure  is  to  be  made  from  model  testing,  a  further  investigation  into 
important  parameters  such  as  crack  size,  crack  initiation  period,  stress  history, 
and  rate  of  crack  propagation  is  required.  Such  investigation  would  be  beyond 
the  scope  of  this  study,  but  might  be  given  consideration  in  future  efforts  in 
this  field.  Since  the  precise  definition  of  the  value  of  some  of  these  param¬ 
eters  is  difficult,  the  level  of  confidence  in  the  prediction  of  fatigue  life 
in  a  full-scale  complete  vehicle  after  testing  of  a  scaled  model  is  currently  low. 

3-2  Test  Facility  Analysis  -  The  analysis  of  the  test  facility  require¬ 
ments  is  quite  similar  to  that  of  the  full-scale  complete  vehicle;  it  is  assumed 
that  the  fatigue  and  ultimate  strength  test  facilities  would  be  identical  with 
the  exception  that  cooling  is  required  for  fatigue  testing  and  not  for  ultimate 
strength  testing.  The  description  of  the  basic  differences  in  the  modeling 

approach  in  contrast  to  the  complete  vehicle  approach  is  presented  in  Section 

VI. 1.3. 2.  The  test  requirements  are  presented  in  Table  V  and  indicate  that 
the  increase  in  required  heating  and  cooling  rates  will  result  in  no  savings 

m  the  quantity  of  control  equipment  since  proper  local  temperature  control  on 

the  model  surface  becomes  more  difficult  than  on  the  full-scale  complete  vehicle. 

3-3  Cost  Analysis  -  The  engineering  and  manufacturing  costs  for  the 
fatigue  test  specimen  will  be  almost  identical  to  those  of  the  ultimate  strength 


199 


test  specimen;  these  costs  are  discussed  in  Section  VI. 1.3. 3.  The  cost  of 
designing  and  fabricating  the  test  fixture  will  be  the  same  as  for  the  ultimate 
test.  The  basic  difference  in  costs  between  the  ultimate  and  fatigue  tests  is 
caused  by  test  performance.  The  cost  of  test  performance  for  scale  models  is 
less  them  for  the  complete  vehicle  because  of  its  reduced  size  and  power 
requirements.  The  difference  in  cost  of  test  performance  for  this  approach, 
however,  is  minor  in  comparison  to  the  total  cost  because  of  the  large  tooling 
cost  for  specimen  fabrication.  The  costs  for  the  fatigue  tests  are  indicated 
in  Figures  36  and  37. 

3.4  Conclusions  -  The  following  conclusions,  identical  to  those  determined 
for  the  modeling  approach  applied  to  ultimate  strength  verification  testing,  are 
applicable  to  model  fatigue  testing: 

(a)  Fabrication  feasibility  dictates  that  scale  factors  of  1/4, 

1/2,  or  3/4  be  considered  for  structural  verification  models 
with  1/2  appearing  most  usable.  Other  scale  factors  would 
require  a  greater  use  of  non-standard  hardware  or  require 
greater  deviations  from  scaled  geometry,  which  could  have 
effects  on  the  fatigue  life  of  the  specimen  or  greatly 
increase  procurement  costs. 

(b)  Of  all  the  thermal  factors  known  to  be  not  scalable  (radia- 
txon,  interface  conductance,  etc.),  radiation  is  of  greatest 
importance  for  the  structures  considered. 

(c)  Thermal  stresses  in  tests  of  models  where  the  time  scale  factor 
is  correct  for  conductive  heat  transfer  tend  to  be  greater  than 
for  full-scale  structures  due  to  the  effects  of  internal  radia- 
tijn,  which  dictate  a  different  time  scale  factor. 
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(d)  It  is  possible  to  more  closely  duplicate  thermal  stresses  in  a 
model  by  the  use  of  a  time  scale  factor  somewhere  between  the 
values  dictated  by  conductive  and  radiative  heat  transfer  modes . 

(e)  Serious  drawbacks  to  the  model  approaches  are  the  cost  of  tooling 
for  fabrication  of  a  satisfactory  structural  model,  and  secondly, 
the  engineering  effort  required  to  complete  model  drawings. 

The  following  conclusions  are  different  than  those  determined  for  the 
modeling  approach  for  u_oimate  strength  verification  testing  and  are  basically 
applicable  to  mission  temperature  testing: 

(f)  The  effect  of  the  increased  thermal  stresses  in  the  model  may  decrease 
the  fatigue  life  below  that  of  the  full-scale  complete  vehicle. 

(g)  The  non-scaling  of  creep  in  a  model  is  not  expected  to  signifi¬ 
cantly  affect  the  model  fatigue  life. 

(h)  The  change  in  cyclic  rate  (load  frequency)  required  for  mission 
temperature  testing  is  not  expected  to  significantly  affect  the 
fatigue  life. 

(i)  Three  phenomena  of  fatigue:  crack  initiation,  crack  propagation, 
and  failure  are  affected  differently  by  the  modeling  process. 
Therefore,  the  model  fatigue  life  may  be  either  greater  or  less 
than  that  of  the  fui 1-scale  specimen,  depending  on  detailed  design 
features . 

(j)  The  present  level  of  confidence  for  the  prediction  of  fatigue  life 

for  a  complete  vehicle  after  testing  of  a  scale  model  is  small. 

If .  Component  Testing 

Engineering  Analysis  -  The  analysis  presented  in  Section  VI.l.lj.l 
is  also  applicable  to  the  fatigue  test  verification.  There  is  not  the  same 


201 


large  difference  in  confidence  for  fatigue  and  ultimate  strength  testing  of 
components  as  for  models . 

A  component  of  the  Mach  3-*t  vehicle  has  "been  analyzed  to  evaluate  the 
effect  of  the  use  of  components  on  fatigue  life.  It  has  been  determined  that 
the  maximum  calculated  thermal  stress  in  the  component  test  area  selected  is 
greater  than  the  maximum  thermal  stress  in  the  same  area  of  the  full-scale  cr  - 
plete  vehicle;  the  results  of  this  study  are  presented  in  Figure  1*8.  For  the 
case  in  which  all  six  cross  sections  are  heated,  the  maximum  thermal  stress  is 
approximately  30%  greater  than  than  that  of  the  complete  vehicle.  In  general, 
as  the  heated  area  of  the  component  is  decreased,  the  magnitude  of  thermal  stress 
at  the  location  of  the  web  attachment  tee  is  increased  in  the  area  of  testing. 
However,  due  to  the  effect  of  the  structural  boundary,  a  finite  length  of 
structure  is  required  to  develop  complete  vehicle  thermal  stresses.  This 
effect  causes  the  thermal  stresses  at  the  component  ends  to  be  decreased  as 
indicated  in  Figure  1*9,  tending  to  offset  the  increase  in  thermal  stress  men¬ 
tioned  previously.  The  net  of  these  two  effects  is  still  expected  to  cause 
the  maximum  thermal  stresses  developed  within  a  component  to  be  larger  than 
those  in  the  complete  vehicle. 

The  selection  of  the  critical  area  of  the  complete  vehicle  is  not  a  simple 
task.  For  example,  during  the  fatigue  +ests  on  seventy-two  P51D  "Mustang" 
wings  presented  in  Reference  11,  fatigue  failures  were  obtained  in  several 
quite  different  areas  of  the  wings.  It  is  important  that  all  critical  areas 
of  the  complete  vehicle  be  encompassed  by  the  selected  components,  if  fatigue 
strength  verification  of  the  complete  vehicle  is  to  be  achieved.  Cnee  the 
component  area  is  selected,  however,  the  fatigue  strength  determination  will 
be  only  as  good  as  the  simulation  of  the  thermal  and  mechanical  boundary  con¬ 
ditions.  Usual  engineering  judgment  and  analysis  during  the  specimen  design 
will  allow  these  boundary  conditions  to  be  established  without  great  difficulty. 
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It. 2  Test  Facility  Analysis  -  The  analysis  of  the  test  facility  require¬ 


ments  for  component  fatigue  testing  is  similar  to  that  of  the  complete  vehicle 
fatigue  test;  it  is  assumed  that  the  fatigue  and  ultimate  test  facilities  would 
be  identical  with  the  exception  that  cooling  would  be  required  for  fatigue 
testing.  The  advantages  obtained  from  the  use  of  the  component  approach  are 
more  significant  for  fatigue  verification  testing  than  for  ultimate  strength 
verification  testing.  These  advantages  include  the  reduction  in  the  number  of 
test  control  systems  required  for  any  specific  test  site  and  the  companion 
reduction  in  control  systems  that  must  be  operable  at  a  specific  time.  This 
reduction  in  system  requirements  will  enhance  the  reliability  of  the  test  per¬ 
formance;  a  greater  ratio  of  test  time/down  time  will  be  achieved.  The  test 
facility  requirements  for  component  fatigue  testing  are  presented  in  Table  V. 

U.3  Cost  Analysis  -  The  engineering  and  manufacturing  costs  for  the 
fatigue  test  specimens  will  be  almost  identical  to  those  of  the  ultimate  strength 
components.  These  costs  are  discussed  in  Section  VI.1.U.3.  The  cost  of  design¬ 
ing  and  fabricating  the  test  fixture  will  be  nearly  equal  to  that  of  the  ultimate 
strength  test,  except  for  the  addition  of  cooling  for  mission  temperature  tests. 
The  basic  difference  in  costs  between  the  ultimate  and  fatigue  tects  is  caused 
by  test  performance.  The  cost  of  test  performance  for  room  temperature  com¬ 
ponent  tests  is  greater  than  for  room  temperature  complete  vehicle  tests, 
because  of  the  need  for  staffing  of  multiple  test  set-ups.  However,  the  addi¬ 
tion  of  either  constant  elevated  or  mission  temperatures  in  any  test  will 
increase  the  test  complexity  with  a  corresponding  reduction  in  the  ratio  of 
test  time/down  time.  This  reduction  is  greater  for  a  complete  vehicle  test 
than  for  a  single  component  test,  which  causes  the  test  performance  cost  to  be 
greater  for  the  complete  vehicle  tests  than  for  the  corresponding  component 
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tests  when  temperature  is  added  to  the  test  environment.  The  costs  for  fatigue 
testing  are  indicated  in  Figures  36  and  37. 

Conclusions  -  The  following  conclusions,  almost  identical  to  those 
determined  for  ultimate  strength  testing  of  components,  are  considered  appli¬ 
cable  to  component  fatigue  testing: 

(a)  Components  for  elevated  temperature  tests  become  larger  than 
would  be  anticipated  for  load  application, only  because  of  the 
added  length  requirement  to  provide  suitable  thermal  boundary 
conditions.  The  benefits  are  the  savings  of  heating  rate 
required  at  any  instant,  the  reduction  in  physical  size  of  the 
test  facility,  and  the  capability  to  use  more  than  one  facility 
at  a  time. 

(b)  The  effect  of  internal  radiation  will  generally  cause  component 
thermal  gradients  to  be  larger  than  in  the  prototype;  hence,  the 
maximum  thermal  stresses  developed  within  a  component  may  be 
larger  than  in  the  prototype  because  of  these  larger  gradients. 

(c)  The  testing  costs  per  square  foot  of  specimen  will  be  more  when 
several  components  rather  than  a  single  complete  vehicle  are 
tested  at  room  temperature;  the  opposite  is  true  when  elevated 
temperature  tests  are  considered. 

(d)  Components  appear  satisfactory  for  fatigue  strength  verification 
testing;  however,  greater  accuracy  in  temperature  and  thermal 
stress  simulation  is  required  in  ultimate  strength  verification 
testing. 


5 .  Mechanical  Simulation 


5.1  Engineering  Analysis  -  The  discussion  of  the  mechanical  simulation 
approach  as  applied  to  the  ultimate  strength  verification  of  the  Mach  3-^ 
vehicle  (Section  VI. 1.5.1)  is  generally  applicable  to  the  fatigue  strength 
verification  of  the  Mach  3-^  vehicle.  The  temperature  effects  (material 
property  degradation,  thermal  stresses,  and  the  modification  of  inelastic 
stress-strain  relationships  such  as  the  FCy/Fty  and  FCy/E  ratios)  may  he 
partially  simulated  at  room  temperature  or  constant  elevated  temperature  by 
modification  of  the  test  loading,but  it  is  not  expected  that  mechanical  sim¬ 
ulation  of  thermal  stress  is  practicable.  Instead,  an  increase  in  applied 
loads,  the  increase  computed  to  account  for  the  thermal  effects,  is  a  more 
attractive  technique .  The  test  may  be  performed  at  room  or  constant  elevated 
temperature;  if  a  room  temperature  teat  is  used,  the  load  increase  must  account 
for  both  material  property  degradation  and  thermal  stresses.  If  a  constant 
elevated  temperature  test  is  used,  only  thermal  stresses  need  be  simulated. 

In  contrast  to  ultimate  strength  verification  testing,  the  use  of  constant 
elevated  temperature  rather  than  mission  temperature  in  fatigue  strength  veri¬ 
fication  testing  provides  considerable  savings  in  test  costs  and  elapsed  time. 

The  computed  effect  on  fatigue  life  of  not  reproducing  the  thermal  stresses 
can  be  determined  from  Figures  69  and  TO.  The  range  of  computed  load  augmen¬ 
tation  that  would  be  required  to  create  the  same  fatigue  damage  as  do  the 
thermal  stresses  is  presented  in  Figure  80.  This  range  was  computed  for 
only  two  locations  in  the  structure;  the  range  for  the  entire  structure  would 
be  larger.  This  range,  rather  than  a  single  value  of  load  augmentation,  con¬ 
stitutes  +he  inherent  weakness  of  the  mechanical  simulation  approach.  In  this 
analysis  it  is  assumed  all  loads,  mean,  gust  and  maneuver,  and  G-A-G  are 
increased  proportionately.  Other  techniques  are  conceivable;  for  example. 
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increasing  only  the  mean  stress  level  may  be  a  more  logical  technique  for 
some  cases.  However,  the  same  problem  presented  in  Figure  80  will  arise 
using  any  technique;  that  is,  no  single  factor  may  be  used  with  confidence 
for  all  values  of  predicted  fatigue  life  and  for  all  locations  within  the 
structure.  Therefore,  both  the  critical  area  and  expected  life  must  be  pre¬ 
selected  in  order  to  allow  the  required  load  augmentation  to  be  computed. 

Because  of  these  requirements,  a  low  level  of  confidence  is  associated  with 
this  approach. 

5.2  Test  Facility  Analysis  -  The  facility  requirements  for  the  mechani¬ 
cal  simulation  approach  are  basically  the  same  as  for  either  the  room  or  constant 
elevated  temperature  test  of  the  complete  vehicle,  component,  or  model,  as 
appropriate.  The  mechanical  simulation  technique  simplifies  the  test  procedure; 
the  heating  system  is  either  non  required  or  need  not  be  integrated  with  the 
loading  system.  If  the  mechanical  simulation  of  thermal  stresses  is  attempted, 
the  loading  system  and  its  design  may  be  somewhat  more  complex;  however,  in 
general,  this  will  not  affect  the  total  facility  requirements.  The  require¬ 
ments  for  testing  using  mechanical  simulation  can  be  determined  from  Table  V 
for  the  choice  of  vehicle  type  and  temperature,  room  or  constant  elevated. 

5«3  Cost  Analysis  -  Engineering  design  costs  are  relatively  unimportant 
in  the  mechanical  simulation  approach,  except  for  the  previously  discussed 
cost  of  designing  a  half-scale  model,  if  that  choice  of  vehicle  type  is 
utilized.  The  selection  of  augmented  loads,  the  choice  of  areas  of  mechanical 
simulation  of  thermal  stress ,  and  the  additional  analysis  required  to  deter¬ 
mine  the  amount  of  load  increase  required  will  cause  additional  engineering 
effort.  Relative  to  the  total  costs,  however,  the  cost  of  this  engineering 
effort  is  not  important.  The  costs  for  testing  using  mechanical  simulation 


207 


are  approximately  the  same  as  indicated  in  Figures  36  and  37  for  the  choice  of 
vehicle  type  and  test  temperature,  room  or  constant  elevated. 

5.1*  Conclusions 

(a)  One  inherent  limitation  of  the  attempt  to  simulate  induced  thermal 
stresses  by  mechanical  loadings  is  the  relatively  small  number  of 
locations  where  the  prototype  thermal  stress  levels  can  be  dupli¬ 
cated  simultaneously. 

(b)  Increasing  applied  loads  to  account  for  thermal  stress  effects 
rather  than  for  the  thermal  stress  itself  appears  to  be  the  most 
practicable  use  of  the  mechanical  simulation  approach. 

(c)  By  definition,  tests  in  which  the  thermal  effects  are  simulated  by 
mechanical  means  cannot  produce  any  thermal  effect  that  cannot  be 
pre-analyzed  or  predicted. 

(d)  The  use  of  increased  loads  to  compensate  for  thermal  effects 
requires  the  pre-selection  of  the  critical  area  and  fatigue  life, 
which  inherently  results  in  a  low  level  of  confidence  in  this 
approach . 
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SECTION  VIII 


EVALUATION  AND  SELECTION  OF  PROPOSED  APPROACHES 


1.  Introduction 

Several  basic  approaches  to  structural  verification  testing  have  been 
considered  in  this  study.  In  Sections  III  through  VII,  the  technical  eval¬ 
uation  of  the  main  aspects  of  these  approaches  has  been  presented;  in  this 
section,  their  cost  and  time  evaluation  is  discussed.  Following  this,  com¬ 
bination  approaches  are  discussed  and  rated.  Finally,  the  selected  approaches 
are  presented. 

All  approaches  considered  consist  of  one  or  more  of  the  following  test 
types:  (l)  full-scale  complete  vehicle  test,  (2)  structural  model  test, 

(3)  full-scale  component  tests,  and  (4)  mechanical  simulation  test.  Each 
test  type  can  be  conducted  in  one  or  more  of  the  following  temperature  environ¬ 
ments:  (l)  room  temperature,  (2)  constant  elevated  temperature,  or  (3)  mission 
temperatures . 

A  basic  approach,  as  used  in  this  study,  is  defined  as  a  single  test 
type  performed  in  any  one  of  the  temperature  environments  listed  above. 

The  following  nine  basic  approaches  have  been  evaluated  for  the  Mach  3-4 
vehicle  ultimate  and  fatigue  strength  testing  and  for  the  Mach  12-15  vehicle 
ultimate  strength  testing: 

(a)  full-scale  complete  vehicle  at 
room  temperature 
constant  elevated  temperature 
mission  profile  temperatures 
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(b)  structural  model  at 

room  temperature 

constant  elevated  temperature 

mission  profile  temperatures 

(c)  full-scale  components  at 

room  temperature 

constant  elevated  temperature 

mission  profile  temperatures 

The  cost  and  test  time  evaluation  for  the  appropriate  basic  approach  at 
room  or  constant  elevated  temperature  can  be  considered  applicable  to  mechanical 
simulation  testing. 

An  evaluation  of  each  basic  approach  led  to  the  conclusion  that  not  all  of 
these  approaches  would  satisfy  the  requirements  of  a  meaningful  vehicle  strength 
verification  test  program,  and  that  some  were  not  acceptable.  Combination 
approaches  were  then  developed,  formed  of  more  than  one  basic  approach.  A  com¬ 
bination  approach  is  an  approach  in  which  one  or  more  of  the  several  test  types 
(full-scale  complete  vehicle  test,  structural  model  tests,  component  tests,  or 
mechanical  simulation  tests)  are  performed  in  one  or  more  of  the  thermal  environ¬ 
ments  (room  temperature,  constant  elevated  temperature,  or  mission  temperatures). 
The  purpose  of  a  combination  approach  is  to  provide  a  means  of  performing  struc¬ 
tural  verification  testing  of  the  vehicle  in  a  manner  essentially  equal  in  tech¬ 
nical  merit  to  the  full-scale  complete  vehicle  test  at  mission  temperatures. 

This  latter  test  was  chosen  as  the  basis  of  comparison  for  all  combination 
approacnes;  if  it  were  not  for  test  costs,  t.  me,  and  complications,  this  approach 
would  be  the  prime  candidate  for  testing,  being  generally  acceptable  as  a  veri¬ 
fication  testing  approach.  Alternate  combination  testing  approaches  should  have 
comparable  technical  merit,  obtainable  at  less  cost,  or  in  less  time,  or  with 


fewer  test  complications.  Technical  merit  is  defined  as  the  applicability  of 
test  results,  assuming  the  test  is  performed  satisfactorily,  to  the  prediction 
of  the  prototype  strength  in  the  mission  environment. 

The  combination  approaches  developed  for  the  Mach  3-lt  and  12-15  vehicles 
are  presented  in  Tables  X  and  XI,  respectively.  A  qualitative  technique  was 
used  in  developing  these  combination  approaches.  Each  of  the  nine  basic 
approaches  previously  described  in  this  subsection  was  augmented  by  additional 
tests,  sufficient  to  cause  the  total  technical  merit  of  the  combination  to  be 
reasonably  comparable  to  that  of  the  full-scale  complete  vehicle  test  at  mis¬ 
sion  temperatures.  After  elimination  of  the  less  desirable  approaches  thus 
obtained,  there  remained  six  combinations  for  ultimate  strength  testing  of 
each  vehicle  and  eight  combinations  for  fatigue  testing  of  the  Mach  3-1* 
vehicle  as  shown  in  Tables  X  and  XI,  respectively.  The  exact  definition  of 
the  details  of  these  tests  and  their  sequence  of  application  requires  much 
more  investigation  of  critical  conditions  for  the  vehicle  in  question,  a  more 
complete  structural  description,  a  detailed  evaluation  of  the  specification 
requirements  for  the  vehicle  to  be  tested,  etc.  For  example,  it  may  be  neces¬ 
sary  to  use  more  than  one  small  component  at  mission  profile  temperature  in 
Combination  A,  Table  X,  for  the  ultimate  strength  testing  for  the  Mach  3-*‘ 
vehicle.  If  this  we~e  necessary,  then  more  components  would  probably  also  be 
required  in  the  use  of  approaches  B,  C,  E,  and  F,  while  the  absolute  costs  of 
the  test  programs  would  increase,  the  relative  costs  would  not  be  signifi¬ 
cantly  changed. 

As  described  in  Section  IV,  the  testing  performed  in  a  basic  or  combination 
approach  does  not  refer  to  a  single  test,  nor  is  it  assumed  that  such  a  single 
test,  at-  one  time,  can  substantiate  the  vehicle  strength  in  any  meaningful 
manner.  It  is  recognized,  for  instance,  that  in  the  case  of  ultimate  strength 
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TABLE  X 

DESCRIPTION  OF  COMBINATION  APPROACHES 
MACH  3-4  VEHICLE 


Ultimate  Strength  Testing  Combinations 


— 

Symbol 

Description^) 

A 

1  Complete  vehicle  at  room  temperature 

1  Small  component  a!  mission  profile  temperature 

B 

6  Large  components  at  room  temperature 
*  Large  component  at  mission  profile  temperature 

C 

6  Large  components  at  mission  profile  temperature 

D 

1  Complete  vehicle  at  misp:on  profile  temperature 

E 

1  Half-scale  vehicle  at  mission  profile  temperatur 

2  Small  components  at  mission  profile  temperature 

n 

1  Half-scale  vehicle  at  room  temperature 

1  Small  component  at  room  temperature 

2  Small  components  at  mission  profile  temperature 

Fatigue  Strength  Testing  Combinations 


Symbol 

Description^) 

A 

6  La  ge  components  at  room  temperature 

2  Large  components  at  mission  profile  temperature 

B 

6  Large  components  at  constant  elevated  temperature 

1  Large  component  at  mission  profile  temperature 

C 

1  Complete  vehicle  at  room  temperature 

2  Large  components  at  mission  profile  temperature 

D 

1  Complete  vehicle  at  constant  elevated  temperature 

1  Large  component  at  mission  profile  temperature 

E 

6  Large  components  at  mission  profile  temperature 

D 

!  Half-scale  vehicle  at  constant  elevated  temperature 

2  Large  components  at  mission  pro,:lp  temperature 

G 

1  Half-scale  vehicle  at  mission  profile  temperature 

2  Small  components  at  mission  profile  temperature 

H 

1  Complete  vehicle  al  mission  profile  temperature 

U)A  small  component  is  a  representative  portion  of  the  airframe, 
selected  to  verify  a  single  critical  section.  See  Figure  51. 

A  large  component  is  a  major  portion  of  the  airframe,  the 
total  of  six,  when  combined,  have  a  total  area  eo1  al  to 
that  of  the  complete  vehicle. 


TABLE  XI 

DESCRIPTION  OF  COMBINATION  APPROACHES 

MACH  12-15  VEHICLE 

Ultimate  Strength  Testing  Combinations 


Symbol 

Description!!) 

A 

1  complete  vehicle  at  room  temperature. 

1  small  component  at  mission  profile  temperature. 

B 

2  large  components  at  room  temperature. 

1  snail  component  at  mission  profile  temperature. 

C 

2  large  components  at  mission  profile  temperature. 

0 

1  ..iiplete  vehicle  at  mission  profile  temperature. 

E 

1  half-scale  vehicle  at  mission  profile  temperature. 

1  small  component  at  mission  profile  temperature. 

F 

1  half- „ca!e  vehicle  at  room  temperature. 

1  large  component  at  mission  profile  temperature. 

(1)  A  small  component  is  a  representative  portion  of  the  airframe, 
selected  to  verify  a  single  critical  section.  See  Figure  63. 

A  large  component  is  a  major  portion  of  the  airframe,  the  two 
have  a  total  area  equal  to  that  of  the  complete  vehicle. 
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testing,  a  sizable  number  of  critical  conditions  must  be  applied  to  the  vehicle 
structure  to  substantiate  the  strength  in  various  areas  of  the  structure,  and 
although  several  conditions  can  sometimes  be  applied  simultaneously,  some  of 
the  remainder  must  be  applied  separately.  It  is  this  whole  group  of  tests  - 
all  those  which  would  normally  be  applied  to  the  complete  structure  -  which 
are  the  tests  that  would  be  applied  in  a  single  combination  approach. 

The  methodology  used  in  estimating  technical  merit,  test  costs,  and 
test  time  of  the  approaches  is  presented  in  Subsection  2,  followed  by  the 
related  data  for  the  basic  approaches  in  Subsection  3.  The  evaluation  and 
rating  of  the  combination  approaches  are  discussed  in  Subsection  *4.  The 
selected  approaches  are  presented  in  Subsection  5. 

2.  Methodology  of  Approach  Evaluation 

In  order  to  best  compare  the  several  possible  approaches  for  ultimate 
and  fatigue  strength  verification,  the  advantages  and  disadvantages  of  each 
were  converted,  insofar  as  possible,  into  a  quantitative  form.  Three  bases 
of  comparison  -  technical  merit,  cost,  and  time  have  been  established  for  the 
approaches  under  consideration.  These  three  factors  have  been  used  to  permit 
the  selection  of  the  best  approach  on  a  cost  effectiveness  basis  for  ultimate 
strength  testing  and  a  cost-time  effectiveness  basis  for  fatigue  strength 
testing.  As  indicated  in  Subsection  1,  all  combination  approaches  have  been 
established  so  that  their  technical  merits  were  essentially  equal  to  each 
other  and  comparable  to  that  of  the  complete  vehicle  mission  temperature 
testing  program.  As  indicated  in  Subsection  2.2,  time  is  not  a  critical 
parameter  in  ultimate  strength  testing;  hence  approaches  tc  ultimate  strength 
testing  of  both  vehicles  have  been  ranked  by  their  respective  costs  only. 
However,  approaches  to  fatigue  testing,  where  time  is  important,  have  been 
rtuked  by  their  respective  products  of  cost  and  elapsed  time.  These  costs  and 


cost-time  products  have  been  normalized  to  the  values  for  the  mission  tempera¬ 
ture  test  of  the  complete  vehicle;  the  reciprocals  of  these  normalized  values 
are  termed  the  cost  effectiveness  and  cost-time  effectiveness  factors  for  ulti¬ 
mate  and  fatigue  strength  verification,  respectively.  The  combination 
approaches  found  to  have  the  highest  factors  have  then  be'n  selected,  such 
selections  being  one  of  the  objectives  of  the  study. 

Only  the  combination  approaches  have  been  judged  to  have  a  technical  merit 
equal  to  that  of  the  full-scale  complete  vehicle  mission  testing;  therefore, 
only  the  combination  approaches  and  not  the  basic  approaches  were  rated  as  to 
cost  effectiveness  and  cost-time  effectiveness  and  were  used  in  the  final 
selections.  However,  pertinent  data  for  all  basic  approaches  are  presented  in 
Subsection  3  for  completeness. 

2.1  Method  of  Estimating  Test  Costs  -  In  order  to  determine  the  cost 
associated  with  the  fabrication  of  the  test  specimens,  the  number  of  man¬ 
hours  required  to  design  the  specimens,  to  fabricate  the  required  tooling, 
and  to  complete  the  manufacturing  of  the  test  specimens  were  determined  for 
all  approaches .  These  man-hours  were  then  translated  into  dollar  costs  includ¬ 
ing  all  factors,  contingencies,  overhead,  etc.,  normally  included,  except 
profit.  It  should  be  carefully  noted  that  while  the  c>sts,  both  unit  and 
total,  are  based  on  data  believed  to  be  reasonably  applicable,  they  are  not 
intended  to  represent  actual  cost  estimates  and  cannot  in  any  event  be  con¬ 
strued  as  contractual  cost  proposals. 

The  principal  factors  considered  are  discussed  in  the  following  sub¬ 
sections  . 

2.1.1  Test  Specimen  Fabrication  Costs  -  For  certain  approaches,  some 
of  the  individual  costs  which  would  be  expected  to  enter  into  the  total  test 
specimen  fabrication  cost  may  actually  be  negligible.  For  example,  for  the 
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approach  in  which  the  full-scale  complete  vehicle  is  utilized,  little  addi¬ 
tional  engineering  effort  is  required  to  design  either  the  specimen  or  the 
tooling  for  specimen  fabrication,  because  the  production  drawings  and  tooling 
may  be  used  directly.  However,  for  any  scale  model  approach,  the  test  program 
cost  for  these  same  items  is  significant.  In  both  of  the  above  examples,  and 
in  all  other  cases,  the  specimen  fabrication  costs  include  raw  material,  equip¬ 
ment,  fabrication,  and  assembly  effort  required  to  produce  the  test  specimen. 

2.1.2  Test  Performance  Costs  -  In  the  determination  of  costs  associated 
with  test  performance,  all  materials  and  man-hour  costs  have  been  included 
within  the  assumptions  described  in  Section  IV.  The  facility  has  been 
assumed  to  exist  in  all  cases,  as  described  in  Section  IV,  and  no  costs 
have  been  included  for  its  construction,  lease,  or  depreciation.  Control 
and  monitoring  equipment  and  centers  have  also  been  assumed  to  exist.  Costs 
have  been  included  for  fabrication  of  the  specimen  and  the  loading  net¬ 
work  and  structure,  installation  of  thermocouples,  strain  gauges,  etc., 
fabrication  and  installation  of  cooling  systems  as  required,  all  materials 
of  an  expendable  nature ,  system  hook-up  and  check-out ,  and  performance  of 
the  testing.  Although  small,  the  cost  of  jig  work  has  also  been  included 
and  comprises  the  cost  of  the  static-  structure  unique  to  the  specimen  to  be 

tested,  the  lamp  costs,  load  actuators,  strain  and  deflection  gages,  and 
thermocouples . 

2.2  Method  of  Estimating  Test  Time  Required  -  Time  spans  necessary  to 
perform  the  fatigue  tests  of  all  approaches  for  the  Mach  3-^  vehicle  are 
presented  in  Subsection  3.3.  These  time  spans  are  indexed  relative  to  the 
time  when  the  first  prototype  vehicle  proceeds  to  system  installation  and 
checkout,  and  when  the  manufacturing  tooling  is  first  available  for  test  speci¬ 
men  fabrication.  This  reference  date  has  no  special  significance  other  than 
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it  is  easily  identified,  and  usually  corresponds  to  the  beginning  of  fabri¬ 
cation  of  the  ultimate  strength  test  article. 

Time  considerations  would  not  be  important  for  any  of  the  approaches 
considered  if  testing  could  be  expected  to  be  completed  well  before  the  test 
data  are  required.  For  ultimate  strength  verification,  it  is  estimated  that 
these  data  would  be  required  shortly  after  the  prototype's  first  flight  for 
the  Mach  3-^  vehicle  and  some  time  before  first  flight  for  the  Mach  12-15 
vehicle.  For  fatigue  strength  verification  of  the  Mach  3-^  vehicle,  the  fatigue 
test  data  should  be  available  before  any  of  the  prototype  vehicles  accumulates 
one-half  of  its  design  life.  This  is  consistent  with  the  assumed  requirement 
of  exhibiting,  in  the  fatigue  test,  a  life  twice  the  service  life  of  the  flight 
vehicle.  From  the  analysis  of  the  time  spans  required  to  perform  the  tests, 
it  has  been  concluded  that  all  tests  associated  with  the  ultimate  strength 
verification  approaches  under  consideration  for  both  vehicles  could  be  accom¬ 
plished  within  2k  months  of  the  above  reference  date;  therefore,  test  time  is 
not  given  consideration  in  evaluating  the  overall  merit  of  the  combination 
approaches  considered.  For  fatigue  testing,  however,  time  is  of  prime  impor¬ 
tance  arc  has  been  considered  and  weighed  in  the  final  evaluation. 

3.  Man-hour,  Dollar  Cost,  and  Test  Time  Estimates  for  the  Basic  Approaches 

The  basic  approaches  evaluated  in  this  study  are  the  complete  vehicle 
approach,  the  modeling  approach,  the  component  approach,  and  the  mechanical 
simulation  approach;  all  considered  at  room  temperature,  constant  elevated 
temperature,  or  at  mission  temperatures .  Man-hour  and  dollar  costs  of  these 
basic  approaches  are  described  in  the  following  subsections.  As  indicated 
in  Subsection  2,  no  ratings  of  the  basic  approaches  have  been  performed. 

3.1  Man-hour  Estimates  -  The  estimated  man-hours  for  the  basic  approaches 
for  the  ultimate  and  fatigue  strength  verification  tests  of  the  Mach  3-^  vehicle 
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are  presented  in  Figure  36.  Man-hours  for  the  basic  approaches  for  the  ulti¬ 
mate  strength  verification  of  the  Mach  12-15  vehicle  are  presented  in  Figure  60. 
For  all  of  these  dati  ,  the  man-hours  were  determined  for  the  extent  and  quantity 
of  work  described  in  Subsection  2. 

In  these  man-hour  data,  a  large  quantity  is  shown  for  tooling  required  for 
tne  half-scale  model.  These  costs  are  considerably  less  than  those  for  tool¬ 
ing  of  the  complete  vehicle,  as  only  the  tooling  required  for  structural 
fabrication  and  assembly  is  necessary  (no  systems  included).  Other  factors 
considered  were  the  reduced  size  of  the  structure  and  the  more  temporary  and, 
therefore  less  costly,  nature  of  the  tooling  for  the  half-scale  model,  since 
only  a  few  are  expected  to  be  fabricated. 

3.2  Dollar  Cost  Estimates  -  Using  the  man-hours  from  Subsection  3.1, 
total  test  costs  have  been  estimated  for  each  of  the  basic  approaches.  These 
dollar  costs,  presented  in  Figure  37  for  the  Mach  3-1*  vehicle  and  in  Figure  6l 
for  the  Mach  12-15  vehicle,  are  the  total  costs  associated  with  that  basic 
approach  specified  for  the  particular  vehicle. 

3.3  Test  Time  Estimates  -  As  discussed  above,  no  test  time  data  are  pre¬ 
sented  for  ultimate  strength  verification  of  either  vtuicle  because  they  are 
less  than  2U  months  and  therefore  are  considered  non-critical.  Estimated  test 
times  for  each  of  the  basic  approaches  for  fatigue  strength  verification  of  the 
Mach  3-*t  vehicle  are  summarized  in  Figure  81.  These  include  the  total  time 
required  to  perform  the  specified  fatigue  tests,  indexed  to  the  time  when  the 
specimen  is  delivered  to  the  test  facility.  All  times  are  ratjoed  to  that 
required  for  complete  vehicle  mission  temperature  testing.  The  design  service 
life  for  this  vehicle  is  20,000  flights  in  40,000  hours;  with  an  assumed  require¬ 
ment  of  exhibiting  ir.  test  a  life  twice  that  of  the  design  service  life,  the  test 
would  require  the  simulation  of  U0,000  flights  and  °00  hours.  It  is  expected 
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that  the  test  time  could  be  shortened,  perhaps  using  the  techniques  of  Refer¬ 
ence  3.  However,  the  lower  limit  of  the  time  required  to  satisfactorily 
simulate  mission  thermal  stresses  is  approximately  one  hour  per  flight;  there¬ 
fore,  1*0,000  hours  are  required  to  simulate  1*0,000  flights.  Using  full  time 
operation  -  <?!*  hours  a  day,  7  days  a  week  -  this  test  would  require  1*.6  years 
to  complete.  Considering  the  testing  efficiencies  expected  for  this  type  test, 
the  time  required  to  perform  this  test  is  estimated  to  be  between  15  and  25  years. 
1* .  Combination  Approaches 

1* . 1  Purpose  of  Combination  Approaches  -  As  described  in  the  introduction 
to  this  section,  the  selection  of  proposed  approaches  is  accomplished  on  a  cost 
effectiveness  or  a  cost-time  effectiveness  basis.  Such  a  rating  system  must 
be  fashioned  so  as  to  be  most  applicable  to  a  typical  strength  verification 
test  program.  The  primary  purpose  of  such  a  test  program  is  to  verify  the 
structural  integrity  of  a  given  vehicle,  i.e.,  to  provide  test  data  of  suf¬ 
ficient  technical  merit  to  define  vehicle  strength.  Thus,  to  be  considered 
acceptable ,  an  approach  must  have  a  minimum  technical  merit ,  equal  to  some  pre- 
established  norm. 

As  indicated  in  the  introduction  to  this  section,  the  established  norm  of 
technical  merit  has  been  assumed  in  this  study  to  be  that  of  the  mission  tem¬ 
perature  environment  tests  of  the  full-scale  complete  vehicle.  It  is  judged 
that  none  of  the  other  basic  approaches  have  this  level  of  technical  merit; 
these  other  basic  approaches  must,  therefore,  be  augmented  with  some  additional 
testing  in  order  to  form  a  combination  approach  of  a  technical  merit  comparable 
to  the  established  norm.  Accordingly,  all  combination  approaches  which  are 
shown  in  Table  X  for  the  Mach  3-*J  vehicle  and  in  Table  XI  for  the  Mach  12-15 
vehicle,  have  been  tailored  to  have  an  estimated  technical  merit  comparable 
to  the  mission  temperature  testing  of  the  full-scale  complete  vehicle. 
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This  concept  has  a  strong  analogy  to  cost  effectiveness  study  methods  where 
the  scope  of  the  task  to  be  performed  is  held  constant  and  the  costs  are 
determined  in  order  to  produce  that  fixed  value  of  effectiveness  (which,  in 
this  study,  is  the  technical  merit). 

An  alternate  cost  effectiveness  concept,  which  is  sometimes  also  used, 
considers  costs  constant  and  evaluates  the  approach  or  method  which  would 
yield  the  highest  effectiveness  -  the  converse  of  that  previously  described. 

This  alternate  concept  is  believed  to  be  more  applicable  in  cases  where  the 
total  task  is  not  expected  to  be  performed  by  a  single  activity  and  the  evalu¬ 
ation  is  performed  to  see  how  much  of  the  total  task  can  be  performed  for  a 
fixed  cost.  No  work  has  been  performed  in  this  study  utilizing  this  alternate 
concept,  because  it  is  not  considered  applicable  to  strength  verification 
testing. 

4.2  Description  of  Combination  Approaches  -  Combination  approaches, 
estimated  to  have  technical  merit  approximately  equal  to  that  of  mission 
environment  testing  of  the  full-scale  complete  vehicle,  are  listed  in  Table  X 
and  Table  XI  for  the  Mach  3-4  and  3.2-15  vehicles,  respectively .  It  should  be 
noted  that  two  different  types  of  components  are  specified  in  these  tables: 
small  components  and  large  components. 

Large  components  are  defined  as  test  specimens  of  a  size  sufficient  to 
permit,  in  test,  the  strength  evaluation  of  a  significant  portion  of  the  vehicle. 
For  the  Mach  3-4  vehicle,  for  example,  it  has  been  assumed  that  six  such  large 
components  may  be  used  for  strength  evaluation  of  the  total  vehicle.  The 
total  size  and  weight  of  the  components  are  comparable  to  that  of  the  complete 
vehicle.  On  the  other  hand,  the  size  of  small  components  such  as  shown  in 
Figures  51  and  63  for  the  Mach  3-4  and  12-15  vehicles,  permit  the  strength 
evaluation  of  only  local  areas ;  the  location  of  such  a  critical  area  is 


determined  in  either  large  component  tests  or  complete  vehicle  tests,  performed 
at  room  or  constant  elevated  temperatures.  The  large  components  are,  on  the 
average,  50  percent  larger  in  gross  size  than  small  components  but  It  to  5 
times  larger  in  test  area  size,  allowing  the  strength  substantiation  of  a 

n 

more  significant  portion  of  the  overall  vehicle. 

Man-hour  costs  for  the  combination  approaches  applicable  to  the  Mach  3-1* 
vehicle  and  the  Mach  12-15  vehicle  are  presented  in  Figures  82  and  83, 
respectively.  Costs  based  on  these  man-hours  are  presented  in  Figures  81t  and 
85.  Both  costs  and  man-hours  for  approaches  utilizing  large  components  have 
been  determined  using  the  same  basic  method  of  cost  analysis  as  for  the  small 
components,  that  is,  based  on  component  size  and  weight  data.  Test  times  to 
complete  the  fatigue  tests  on  the  Mach  3-1*  vehicle  are  shown  in  Figure  8l. 

U . 3  Ratings  of  Combination  Approachc  -  The  relative  ratings  of  the  com¬ 
bination  approaches  described  in  the  previous  section  are  presented  in  Fig¬ 
ures  86  and  87,  for  the  Mach  3-1*  and  Mach  12-15  vehicles,  respectively.  As 
stated  before,  the  combination  approaches  for  ultimate  strength  testing  of  both 
vehicles  have  been  ranked  by  their  respective  costs;  the  combination  approaches 
for  fatigue  testing  of  the  Mach  3-1*  vehicle  have  been  ranked  by  their  respective 
product  of  cost  and  elapsed  time.  These  cost  and  cost-time  products  have  been 
normalized  to  the  values  for  the  complete  /ehicle,  mission  temperature  test; 
the  reciprocal  of  these  normalized  values  are  termed  the  cost  effectiveness 
factors  and  cost-time  effectiveness  factors  for  ultimate  and  fatigue  strengths, 
respectively.  In  these  data  a  higher  rating  indicates  the  better  approach. 

For  ultimate  strength  approaches,  the  relative  rating  represents  estimated  cost 
differences  between  approaches,  while  for  fatigue  strength  approaches,  the  rela¬ 
tive  ratings  include  both  cost  and  time  differences  between  approaches. 
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Relative  Man-hour  Requirement  Factor^ 
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Tool  -  Manufacturing  tooling 
Fab  -  Specimen  fabrication 


Notes: 

(1)  Man-hours  are  ratioed  to  that  required  for  ultimate, 
strength  mission  temperature  complete  vehicle  testing. 

(2)  See  Table  XI  for  description  of  combinations. 
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Figure  83  -  Comparison  of  Relative  Man-hour  Requirements 
for  Combination  Approaches 
Mach  12-15  Vehicle 
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Figure  84  -  Comparison  of  Relative  Dollar  Costs  for  Combination  Approaches 

Mach  3-4  Vehicle 
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Figure  86-  Comparison  of  Relative  Rating  Factors  for  Combination  Approaches 

Mach  3-4  Vehicle 


(1)  Ratings  are  ratioed  to  thai  for  ultimate  strength  mission  temperature  complete  vehicle  testing. 

(2)  See  Table  XI  for  description  of  combinations 


Figure  87  Comparison  of  Relative  Rating  Factors  for 
Combination  Approaches 
Mach  12-15  Vehicle 


These  relative  rating  values  for  all  approaches  can  he  obtained  from  the 
relative  cost  data  and  relative  time  data  presented  in  Figures  8l ,  81» ,  and  85. 

For  all  ultimate  strength  approaches  for  both  vehicles,  the  relative  ratings 
shown  in  Figure  86  or  Figure  87  are  ,  'ly  the  reciprocals  for  the  relative 
dollar  cost  factors  shown  in  Figure'  and  85.  This  is  to  say,  the  higher  the 
relative  cost,  the  lower  the  relate.-'  rating  and  vice  versa.  For  all  the 
fatigue  strength  approaches  for  the  Mach  3-H  vehicle  shown  in  Table  X,  the 
relative  rating  value  shown  in  Figure  86  is  the  reciprocal  of  the  product  of 
relative  dollar  cost  shown  in  Figure  81t  and  relative  test  time  requirement 
factor  shown  in  Figure  8l.  Again,  the  higher  either  the  relative  cost  or  rela¬ 
tive  test  time,  the  lower  the  relative  rating,  and  vice  versa. 

Several  general  conclusions  may  be  drawn  from  these  data: 

(a)  For  ultimate  strength  verification  of  the  vehicles  studied,  only 
a  small  reduction  in  relative  rating  is  associated  with  mission 
profile  temperature  testing  of  the  complete  vehicle,  the  approach 
which  rates  a  close  second  for  both  vehicles. 

(b)  For  fatigue  strength  verification  of  the  Mach  3-^  vehicle,  where 
cost-time  effectiveness  has  been  used  as  a  rating  criterion,  the 
approaches  with  the  highest  resulting  rating  are  those  in  which 
only  small  portions  of  the  structure  are  fatigue  tested  at  mission 
profile  temperatures  due  to  both  time  and  cost  considerations. 

(c)  Despite  the  many  scaling  advantages,  the  modeling  approach  has  a 

low  rating  resulting  from  the  large  specimen  fabrication  tooling  costs. 

The  best  approaches  for  each  vehicle  and  strength  testing  are  Jiose  with 
the  highest  relative  rating.  These  selected  approaches  are  presented  in  the 
following  subsection. 
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Selected  Approaches 


5.1  Mach  3-^t  Vehicle 

5.1.1  Verification  of  Vehicle  Ultimate  Strength  - 
Selected  Approach: 

This  approach  consists  of  one  complete  vehicle  tested  at  room  temperature 
to  locate  the  critical  area(s),  followed  by  a  test  at  mission  profile  tem¬ 
peratures  of  a  small  component  containing  the  section  which  failed  in  the 
complete  vehicle  room  temperature  test  to  establish  the  ultimate  strength 
level  under  mission  temperatures  (Combination  Approach  A,  Table  X).  Rela¬ 
tive  Rating  =  l.lH  (Figure  86). 

Approach  Rated  Second : 

This  approach  consists  of  one  complete  vehicle  tested  at  mission  pro  ‘ile 
temperatures  (Approach  D,  Table  X).  Relative  Rating  =  1.00  (Figure  86). 
Approach  Rated  Third: 

This  approach  consists  of  six  large  components  tested  at  room  temperature 
to  locate  the  critical  section,  followed  by  one  large  component  contain¬ 
ing  the  section  which  failed  in  the  component  room  temperature  tests  to 
establish  the  ultimate  strength  level  under  mission  temperatures  (Combin¬ 
ation  Approach  B,  Table  X).  Relative  Rating  =  0.8?  (Figure  86). 

5.1.2  Verification  of  Vehicle  Fatigue  S t rength  - 
Selected  Approach: 

This  approach  consists  of  six  ' arge  components  tested  at  room  temperature 
to  locate  critical  areas,  followed  by  two  large  components  tested  at 
mission  profile  temperatures  to  determine  Mach  3-^t  vehicle  fatigue  life. 
(Combination  Approach  A,  Table  X).  Relative  Rating  =  2.96  (Figure  86). 


Approach  Rated  Second: 


This  approach  consists  of  one  complete  vehicle  tested  at  room  temperature 
to  locate  the  critical  area(s),  followed  by  a  test  at  mission  profile 
temperatures  of  two  large  components  to  establish  the  vehicle  fatigue 
strength  under  mission  temperatures.  One  large  component  would  include 
the  area  of  the  vehicle  which  failed  first  in  room  temperature  tests  and 
the  second  component  would  include  either  the  area  which  failed  second 
or  the  next  most  critical  section  determined  by  analysis  (Combination 
Approach  C,  Table  X).  Relative  Rating  =  2.78  (Figure  86). 

5 . 2  Verification  of  Mach  12-1$  Vehicle  Ultimate  Strength 
Selected  Approach: 

This  approach  consists  of  one  complete  vehicle  tested  at  room  temperature 
to  locate  the  critical  area(s),  followed  by  a  test  at  mission  profile 
temperatures  of  a  small  component  containing  the  section  which  failed  in 
the  complete  vehicle  room  temperature  test  to  establish  the  ultimate 
strength  level  under  mission  temperatures  (Combination  Approach  A,  Table 
XI).  Relative  Rating  =  l.Ol*  (Figure  87). 

Approach  Rated  Second: 

This  approach  consists  of  one  complete  vehicle  tested  at  mission  profile 
temperatures  (Combination  Approach  D,  Table  XI).  Relative  Rating  =  1.00 
(Figure  87). 

Approach  Rated  Third: 

This  approach  consists  of  two  large  components  tested  at  room  temperature 
to  locate  the  critical  section,  followed  by  one  iarge  component  contain¬ 
ing  the  section  which  failed  in  the  large  component  room  temperature  tests 
to  establish  the  ultimate  strength  level  under  mission  temperatures  (Combin¬ 
ation  Approach  B,  Table  XI ).  Relative  Rating  =  0.99  (Figure  87). 
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SECTION  IX 


PROPOSED  TEST  PROGRAM  TO  CONFIRM  THE 
VALIDITY  OF  SELECTED  APPROACHES 

1.  General  Scope  and  Purpose 

As  described  in  Section  I,  one  of  the  goals  of  this  study  program  is  the 
definition  of  a  test  program  to  confirm  the  validity  of  the  selected 
approaches  for:  (l)  the  ultimate  and  fatigue  strength  verification  of  the 
Mach  3-1!  vehicle,  and  (2)  the  ultimate  strength  verification  of  the  Mach  12-15 
vehicle.  The  selected  approaches  are  discussed  in  Section  VIII;  they  are 
repeated  below. 

Mach  3-*t  Vehicle 

Selected  Approach  for  Verification  of  Vehicle  Ultimate  Strength  - 
This  approach  consists  of  one  complete  vehicle  tested  at  room  temperature  to 
locate  the  critical  area(s),  followed  by  a  test  at  mission  profile  tempera¬ 
tures  of  a  small  component  containing  the  section  which  failed  in  the  complete 
vehicle  room  temperature  test  to  establish  the  ultimate  strength  level  under 
mission  temp?  atures.  (Combination  Approach  A,  Table  X.)  Relative  Rating  = 
l.lH  (Figure  86). 

Selected  Approach  for  Verification  of  Vehicle  Fatigue  Strength  - 
This  approach  consists  of  six  large  components  tested  at  room  temperature  to 
locate  critical  area(s),  followed  by  two  large  components  tested  at  mission 
profile  temperatures  to  determine  Mach  3-^  vehicle  fatigue  life.  (Combination 
Approach  A,  Table  X.)  Relative  Rating  =  2.96  (Figure  86). 

Mach  12-15  Vehicle 

Selected  Approach  for  Verification  of  Vehicle  Ultimate  Strength  - 
This  approach  consists  of  one  complete  vehicle  tested  at  room  temperature  to 
locate  the  critical  area(s),  followed  by  a  test  at  mission  profile  temperatures 
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of  a  small  component  containing  the  section  which  failed  in  the  complete 
vehicle  room  temperature  test  to  establish  the  ultimate  strength  level  under 
mission  temperatures.  (Combination  Approach  A,  Table  XI.)  Relative  Rating  = 
l.Olt  (Figure  87). 

The  approaches  have  been  selected  or  the  basis  of  (l)  a  cost-effectiveness 
study  for  ultimate  strength  verification,  and  (2)  a  cost-time  effectiveness 
study  for  fatigue  strength  verification;  the  methodology  used  in  the  evalua¬ 
tion  is  described  in  Section  VIII.  It  is  important  to  note  that  each  of 
these  selected  approaches  utilizes  either  the  full-scale  complete  vehicle, 
or  an  appropriate  number  of  components,  tested  at  room  temperature  to  locate 
critical  areas,  followed  by  one  or  more  components  tested  at  mission  temper¬ 
ature  to  determine  the  vehicle  actual  mission  strength.  The  use  of  components 
does  not  require  substantiation  or  confirmation;  a  simple  awareness  of  the 
potential  problems  associated  with  components  will  usually  lead  to  a  satis¬ 
factory  design  and  test.  However,  the  correctness  of  the  hypothesis  that 
vehicles  in  constant  temperature  tests  will  fail  in  the  same  areas ,  if  not 
necessarily  at  the  same  load  or  life,  as  in  mission  profile  temperature 
tests,  does  require  confirmation.  The  proposed  test  program  is  designed  to 
evaluate  the  above  hypothesis . 

It  should  also  be  noted  that  a  test  program  to  confirm  the  correctness  of 
the  concept  of  using  room  or  constant  elevated  temperature  tests  to  locate 
critical  areas  is  not  a  substantiation  of  the  mechanical  simulation  approach. 
To  confirm  its  applicability  and  correctness,  the  following  premises  of  the 
mechanical  simulation  approach  would  require  test  evaluation:  (l)  that  the 
precise  location  of  either  a  fatigue  or  an  ultimate  strength  failure  in  a 
complex  elevated  temperature  structure  can  be  predetermined  analytically. 
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(2)  that  a  single  mechanical  loading  can  be  applied  which  simulates  both  the 
mission  mechanical  and  thermal  loadings,  and  (3)  that  vehicle  mission  ulti¬ 
mate  or  fatigue  strength  may  be  deduced  from  test  results  where  premises  (l) 
and  (2)  were  used.  In  the  selected  approaches  previously  described,  however, 
the  only  assumption  made  is  that  room  temperature  or  constant  elevated  tem¬ 
perature  ultimate  or  fatigue  strength  tests  will  fail  in  the  same  general 
area  as  in  mission  temperature  tests,  hereinafter  referred  to  as  the  similar 
critical  section  concept;  mission  profile  temperature  tests  are  then  conducted 
on  components  containing  the  critical  area  to  determine  actual  vehicle  strength. 
The  purpose  of  the  proposed  test  program  is  to  confirm  the  correctness  of  this 
similar  critical  section  concept. 

2.  Recommended  Tests  -  General 

In  the  selected  approaches,  room  temperature  tests  are  utilized  to  locate 
critical  areas  for  both  ultimate  strength  and  fatigue  strength  verification. 
However,  it  should  be  noted  that  the  ratings  of  tne  selected  ultimate  strength 
approaches  are  1 . lh  for  the  Mach  3-1*  vehicle  and  l.Ol*  for  the  Mach  12-15 
vehicle,  indicating,  as  described  in  Section  VIII,  only  a  lh#  and  U%  improve¬ 
ment,  respectively,  over  the  basic  approach  of  full-scale  complete  vehicle 
testing  at  mission  temperatures. 

This  lack  of  significant  gain  by  use  cf  the  similar  critical  section  con¬ 
cept  is  not  true,  however,  for  the  selected  fatigue  strength  testing  approach. 
In  the  fatigue  verification  of  the  Mach  3-1*  vehicle,  the  similar  critical 
section  concept  appears  in  the  four  highest  rated  approaches  as  shown  in 
Figure  86,  and  the  selected  approach  has  a  rating  over  50#  higher  than  the 
highest  approach  not  using  this  concept.  Hence,  it  is  seen  that  significant 
cost  and  time  savings,  over  one  third,  are  possible  by  the  use  of  the  selected 
approach  for  fatigue  strength  tests,  but  only  smaller  savings,  about  30#,  are 


possible  for  ultimate  strength  tests.  For  these  reasons,  it  is  recommended 
that  the  proposed  test  program  be  focused  on  the  evaluation  of  the  validity 
of  the  similar  critical  section  concept  for  vehicle  fatigue  strength  test 
approaches.  Further,  in  order  to  be  most  applicable  to  testing  needs  in  the 
near  future,  it  is  recommended  that  the  test  program  be  directed  toward  appli¬ 
cation  to  the  Mach  3-U  vehicle  and  therefore  incorporate  spectrum  loading, 
based  on  the  maneuver  load  factor  and  gust  load  factor  data  described  in  this 
report . 

Generally,  a  test  program  to  confirm  the  validity  of  any  concept  includes 
tests  which  determine  both  the  individual  and  the  synergistic  effects  of  all 
pertinent  parameters.  In  the  proposed  test  program,  focused  on  confirming  the 
validity  of  the  similar  critical  section  concept  in  fatigue  testing,  it  shall 
be  necessary  to  perform  identical  fatigue  loading  tests  in  three  temperature 
environments:  (l)  at  room  temperature,  (2)  at  a  constant  elevated  tempera¬ 
ture,  and  (3)  at  mission  profile  temperatures.  The  constant  elevated  tempera¬ 
ture  fatigue  tests  are  recommended  because  (l)  the  specimens  will  probably 
fail  in  the  same  area  as  in  mission  temperature  tests,  (2)  approaches  utiliz¬ 
ing  constant  elevated  temperature  fatigue  tests  to  locate  critical  areas  also 
offer  significant  cost,  time  and  complexity  savings  over  mission  profile 
temperature  testing,  and  (3)  the  results  of  this  program  may  indicate  that  room 
temperature  fatigue  tests  are  not  satisfactory  in  locating  similar  critical 
areas.  The  location  of  failures  in  the  mission  profile  temperature  tests  will 
be  used  to  judge  the  validity  of  the  similar  critical  section  concept  previously 
described,  by  comparison  to  the  location  of  failures  in  either  the  room  temper¬ 
ature  or  constant  elevated  temperature  tests.  Both  coupon  and  component  tests 
are  proposed.  It  is  recommended  that  the  effect  of  the  ground-air-ground  cycle 
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loads  be  included  in  the  evaluation. 


3.  Detailed  Description  of  Recommended  Tests 


The  essence  of  the  test  program  proposed  herein  is  as  follows : 

(1)  Coupon  fatigue  tests  under  both  constar  amplitude  and  spectrum 
loading  to  provide  oasic  material  property  fatigue  data  and  to 
evaluate  whethe"  the  relative  fatigue  perf ormance ,  that  is,  order 
of  failure  of  specimens  containing  two  different  stress  concentra¬ 
tions,  remains  constant  with  changes  in  temperature  history.  The 
latter  would  serve  as  an  indication  of  preliminary  confirmation  of 
the  similar  critical  section  concept  in  actual  structures. 

(2)  Small  structures  or  component  fatigue  tests  under  a  spectrum  fatigue 
loading  to  provide  a  confirmation  of  the  critical  section  concept 

in  actual  structures. 

It  is  important  in  this  proposed  test  program,  as  it  is  in  all  fatigue 
evaluation  programs,  that  the  specimens  be  especially  well  made,  that  all 
stock  used  be  from  the  same  basic  heat,  and  that  the  test  set-up  and  perfor¬ 
mance  be  especially  well  monitored  and  controlled. 

The  proposed  test  program  i s  ouJ:  lined  in  Table  XII ;  the  loading  spectrum 
is  defined  in  Table  XIII.  It  is  recommended  that  a  titanium  alloy,  either 
Ti-6Al-hV  or  7i-8Al-lMo-lV ,  be  used  as  the  base  material  for  all  specimens, 
both  coupons  and  components.  It  would  be  most  useful  to  select  specimen 
design,  material,  test  definition,  etc.,  which  have  been  utilized  in  a  pre¬ 
vious  or  current  program,  where  some  of  the  required  testing  nay  have  already 
been  accomplished.  Thus,  to  save  costs,  the  final  selection  of  material  and 
specimen  design  may  be  made  on  that  basis.  It  should  be  noted  that  the  recom¬ 
mended  program  does  not  evaluate  the  behavior  of  a  specific  /alloy  but  rather 
is  designed  to  evaluate  general  material  behavior  to  a  fatigue  environment; 
therefore,  the  actual  material  choice  is  less  important. 
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TABLE  XII 

PROPOSED  TEST  PROGRAM 


COUPON  TESTS 

Group  I  -  Constant  Amplitude  Fatigue  Coupon  Tests 


Specimen 

Configuration 

Test  Stress  Levels 
and  Desired  Life 

Numper  of 
Specimens 
per  Stress 
Levet 

Loading 
Ratio.  R 

Mm.  Load 

Test 

Temperature 

Total 
Number  of 
Specimens 
to  be  Tested 

Estimated 
Test  Time 
in  Houis 
(1) 

Max.  Load 

Nos  1  and  2: 

Multiple  central 
hole  specimen 

Ky  =  2.5  and  2.8 
Figure  88 

Nos.  3  and  4: 

Multiple  edge 
notch  specimen 

Kr  =  2.5  and  2.8 
Figure  88 

Low  stress 

Life  ^  10®  cycles 

Medium  stress 

Life~5  x  10^  cycles 

Intermediate  stress 

Life  ~  10^  cycles 

High  stress 

Life  si  10^  cycles 

12 

(3  per 

configuration) 

R  =  0.25 

Room 

temperature 

48 

2.000 

500°  F 

43 

2,000 

Tote  96  4.000 


Group  II  -  Spectrum  Fatigue  Coupon  Tests 


Specimen 

Configuration 

Test  Stress  Levels 
and  Equivalent 
Mission  Life 

Number  of 
Specimens 
per  Stiess 
Level 

Test  Series 

Tes1 

Temperature 

Total 
Number  of 
Specimens 
to  be  Tested 

Estimated 
Test  Time 
in  Hours 

Nos.  1  and  2: 

Multiple  central 
hole  specimen 

Ky  *■  2.5  and  2.8 
Figure  88 

Nos.  3  and  4: 

Multiple  edge 
notch  specimen 

Ky  =  2.5  and  2.8 
Figure  88 

Low  she's 

Life ~  8000  hours  ^ 

Medium  stiess 
Life^.800  hours  ^ 

High  stress 

Lite  ~  80  hours 

12 
(3  per 

configuration) 

(A) 

Spectium 

loading 

only 

Tabie  XIII 

Room 

temperature 

36 

(1.3) 

3.552 

500°  F 

36 

3,552  {U) 

Mission 
temperatures 
Table  XIII 

36 

35.520* 2* 

Subtotal:  108  42.624 

No.  1: 

Multiple  central 
hole  specimen 

Ky  =  2.8 

Figuie  88 

No.  2: 

Multiple  ed°e 
notch  specimen 

Ky  -  2.8 

Figure  88 

Low  stress 

Life  ~  8000  hours'^ 

Medium  stress 
Life~800  hours  ^ 

High  stiess 

Life  ~80  hoursu 

6 

(3  per 

configuration) 

(B) 

Spectrum 
loading 
plus 
thermal 
stresses 
Table  XIII 

Room 

temperature 

18 

1.776  (1,3) 

Mission 
temperatures 
Table  XIII 

18 

17.760 *2i 

Subtotal:  36  19.536 


notes: 

(1)  Based  on  simultaneous  tooling  ol  3  specimens  in  senes  and  5  cps  loading  rate. 

(2)  josign  mission  time. 

(3i  Based  on  a  time  reduction  factor  of  10  for  room  temperature  and  500°F  tests  compared  to  design  mission  time. 
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T\BLE  XII  (Continued) 
PROPOSED  TEST  PROGRAM 
COUPON  TESTS 


Specimen 

Configuration 

Test  Stress  Levels  and 
Equivalent  Mission  Life 

Number  of 
Specimens 
per  Stress 
Level 

Test  Series 

Test 

Temperature 

Total 
Number  of 
Specimens 
to  be  Tested 

Estimated 
Test  Time 
in  Hours 

No.  1: 

Multiple  central 
hole  specimen 

Kj  =  2.8 

Figure  08 

No.  2: 

Multiple  edge 

Notch  specimen 

KT  =  2.8 

Figure  88 

Low  stress 

Life~8000  hours^) 

Medium  stress 
Life»800  hours' 

High  stress 

Life»80  hours'2' 

6 

(3  per 

configuration) 

(C) 

Spectrum 
loading 
plus 
G-A-G 
loads 
Table  XIII 

Room 

temperature 

18 

1,776 (I>3) 

Mission 
temperatures 
Table  XIII 

18 

17,760(2) 

Subtotal:  36  19,536 

Nos.  1  and  2: 
Multiple  central 
hole  specimen 

Kt  =  2.5  and  2.8 
Figure  88 

Nos.  3  and  4: 
Multiple  edge 
notch  specimen 

KT  =  2.5  and  2.8 
Figure  88 

Low  stress 

Life^8Q(X)  hours'2^ 

Medium  stress 
L'fe~8Q0  hours'2' 

High  stress 

Life«80  hours'^' 

12 

(3  per 

configuration) 

(D) 

Spectrum 
loading 
plus 
G-A-G 
loads 
plus 
thermal 
stresses 
Table  XIII 

Room 

temperature 

36 

3,55^  <1-3> 

500°F 

36 

3,552(1,3) 

Mission 
temperatures 
Table  XIII 

36 

35,520 (Z) 

Subtotal:  108  42,624 

Total:  288  124,320 


Grand  total  for  constant  amplitude  and  spectrum  fatigue  coupon  tests:  384  128,320 

Notes: 

(1)  Based  on  simultaneous  testing  of  3  specimens  in  series  and  5  cps  loading  rate. 

(2)  Design  mission  time. 

(3)  Based  on  a  time  reduction  factor  of  10  for  room  temperature  and  500°F  tests  compared  to  design  mission  time. 
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TABLE  Xli  (Continued) 
PROPOSED  TEST  PROGRAM 
COMPONENT  TESTS 

Group  III  -  Spectrum  Fatigue  Component  Tests 


Specimen 

Configuration 

Test  Stress  Levels  and 
Equivalent  Mission  Life 

Number  of 
Specimens 
per  Stress 
Levei 

Test  Series 

Test 

Temperature 

Total 
Number  of 
Specimens 
to  be  Tested 

Estimated 
Test  Time 
in  Hours 
(1) 

Low  stress 

Life  » 8000  houis® 

Spectrum 

loading 

Room 

temperature 

6 

2,640® 

Test  component 
See  Figure  89 

3 

plus' 

thermal 

500°F 

6 

2,640<3> 

Medium  stress 

Life  si  800  hours® 

stresses 
Table  XIII 

Mission 
temperatures 
Table  XIII 

6 

26,400® 

Subtotal: 

18 

31,680 

Low  stress 

Life^8000  hours® 

Spectrum 
loading  plus 

Room 

temperature 

6 

2,640® 

Test  component 
See  Figure  89 

3 

G-A-G 
loads  plus 
thermal 
stresses 
Table  XIII 

500°  F 

6 

2,640® 

Medium  stress 

Life~890  hours® 

Mission 
temperatures 
Table  XIII 

6 

26,400® 

Subtotal: 

18 

31,680 

Tolai:  36  63,360 


Notes: 

(1)  Based  on  testing  one  specimen  at  a  time. 

(2)  Design  mission  times. 

(3)  Based  on  a  time  reduction  factor  of  10  for  room  temperature  and  500°F  tests  compared  to  design  mission  time. 
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TABLE  XIII 

TEST  SPECTRUM  DEFINITION 


Mission 

Time  (HR) 

0-0.23 

0.23-0.26 

0.26-0.34 

0.34-0.46 

0.46-1.66 

1.66-1.73 

1.73-1.84 

1.84-1.91 

1.91-2.10 

Temperature 

(°F)(4) 

R.T.  -  150 

150-160 

160-330 

330-590 

590-580 

580-385 

385-193 

193-180 

180-150 

Thermal 

Stress  (KSI)'4) 

0-4 

4-5 

5-10 

10-20 

20-2 

2-f-3) 

Jim 

(-7H 

Ag  =  0.2 

782,381 

308,626 

576,089 

893,746 

2,087,434 

1,082,018 

590,026 

265,744 

681,045 

6,535 

2,231 

4,046 

6.170 

12,440 

17,320 

9.620 

4,140 

11,686 

466 

82 

156 

111 

534 

642 

359 

151 

392 

53 

3 

6 

9 

25 

36 

20 

9 

21 

11 

- 

- 

- 

1 

2 

1 

- 

1 

Ag  =  1.1 

2 

- 

- 

- 

- 

- 

- 

- 

- 

Notes: 

(1)  Spectrum  is  for  20,000  flights. 

(2)  Load  during  cycle  is  Ig  ♦  Ag. 

(3)  Add  one  ground-air-ground  cycle  per  flight  (equivalent  in  stress  to  -0.2g). 

(4)  Temperatures  and  thermal  stresses  shown  are  end  points  corresponding  to  the  times  shown. 


In  the  following  subsections,  the  individual  portions  of  the  test  program 
are  discussed  in  more  detail. 

3.1  Coupon  Tests  -  As  shown  in  Table  XII,  two  categories  of  coupon  tests 
are  proposed:  (l)  constant  amplitude  coupon  fatigue  tests  to  provide  basic 
material  property  fatigue  data  and  preliminary  evaluation  of  th<  similar 
critical  section  concept,  and  (2)  spectrum  coupon  fatigue  tests  to  provide  a 
further  check  of  the  similar  critical  section  concept  under  spectrum  loading. 

In  the  tests,  four  specimen  configurations  are  utilized,  two  central  hole 
specimens  with  stress  concentration  factors  of  2.5  and  2.8,  respectively, 
and  two  edge  notch  specimens  also  with  stress  concentration  factors  of  2.5 
and  2.8,  respectively.  The  specimen  configurations  are  shown  in  Figure  88. 

These  two  values  of  stress  concentration  factors  have  been  selected  to  repre¬ 
sent  two  values  far  enough  apart  to  result  in  discernibly  different  fatigue 
test  results,  but  close  enough  so  as  to  permit  a  preliminary  check  on  the 
similar  critical  section  concept.  The  recommended  values  of  stress  concen¬ 
tration,  2.5  and  2.8,  are  reasonable  compromises  between  values  that  are 
easily  reproduced  and  the  somewhat  higher  values  exhibited  by  tvpical  structures. 

The  specimen  configurations  shown  in  Figure  88  utilize  a  multiple  stress 
concentration  design.  The  purpose  of  the  multiple  pattern  incorporated  within 
each  specimen  is  to  reduce  scatter  by  evaluating  the  "weakest  of  five"  nomin¬ 
ally  identical  stress  raisers.  This  concept  has  been  used  successfully  in 
the  fatigue  testing  conducted  under  Reference  3  contract  where,  under  a  simi¬ 
lar  testing  environment ,  test  scatter  was  extremely  small  and  the  location  of 
failure  was  random  among  six  identical  stress  concentrations. 

The  use  of  these  coupon  fatigue  tests  to  provide  a  preliminary  check  on 
the  similar  critical  section  concept  is  based  on  the  following  idealization. 

All  complete  structures  contain  a  variety  of  stress  c  oncentrations ,  ranging 
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Multiple  Edge  Notch  Specimen  -  K{  =  2.5  or  2.8 


Figure  88-  Coupon  Test  Specimens 


in  numerical  value  from  1.0  to  the  critical  value  approaching  U . 0 ,  and  in 
type  such  as  edge  notch ,  central  hole ,  local  imperfections ,  etc .  During 
fatigue  testing,  the  failure  will  usually  initiate  from  a  single  point  of  the 
critical  stress  concentration.  If  the  point  from  which  fatigue  failure  will 
initiate  does  not  change  whether  tested  at  room  temperature,  constant  elevated 
temperature,  or  mission  temperature,  the  similar  critical  section  concept 
would  tend  to  be  validated.  Therefore,  if  in  the  coupon  tests,  where  dif¬ 
ferent  types  and  values  of  stress  concentrations  are  used,  the  relative  fatigue 
performance  remains  essentially  constant,  regardless  of  the  temperature  envir¬ 
onment,  it  may  indicate  a  preliminary  confirmation  of  the  desired  similar 
performance  in  the  complete  structure  test. 

Each  of  the  two  categories  of  fatigue  tests  are  described  suoseauently . 

3.1.1  Constant  Amplitude  Fatigue  Coupon  Tests  -  As  previously  described, 
the  purpose  of  the  constant  amplitude  fatigue  coupon  tests  is  to  provide  basic 
material  property  fatigue  data  to  aid  in  the  definition  of  loading  for  the 
remaining  coupon  tests  and  component  tests  and  to  provide  a  limited  check  on 
the  similar  critical  section  concept. 

As  shown  in  Table  XII,  constant  amplitude,  R  =  0.25,  fatigue  tests  are 
recommended  to  be  performed  at  room  temperature  and  500°F.  It  is  also  recom¬ 
mended,  as  shown  in  Table  XII,  that  four  stress  levels  be  used  for  each 
configuration,  and  that  three  specimens  be  tested  at  each  stress  level.  The 
test  quantities  are  defined  in  Table  XII. 

3.1.2  Spectrum  Fatigue  Coupon  Tests  -  The  spectrum  fatigue  coupon  tests 
are  designed  for  the  following  three  purposes:  (l)  to  provide  a  further  check 
on  the  similar  critical  section  concept  over  that  provided  by  the  constant 
amplitude  tests,  (2)  to  provide  an  evaluation,  on  a  coupon  basis,  of  the 
individual  and  synergistic  effects  of  the  G-A-G  cycle  and  thermal  stresses  on 
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fatigue  life,  and  (3)  to  aid  in  the  test  definition  and  need  for  the  component 
tests  described  in  Subsection  3.2.  The  further  check  on  the  similar  critical 
section  concept  will  be  obtained  with  the  same  philosophy  as  used  in  the  con¬ 
stant  amplitude  tests,  a  comparison  of  the  location  of  failures,  but  now  in 
three  environments  of  room  temperature,  500°F,  and  mission  profile  tempera¬ 
tures.  The  evaluation  of  the  individual  and  synergistic  effects  of  the  G-A-G 
cycle  and  thermal  stresses  on  fatigue  life  will  be  made  on  the  basis  of 
res  ts  of  fatigue  tests  in  which  the  G-A-G  cycle  and  thermal  stresses  are  or 
are  not  included.  The  test  definition  of  the  component  tests  will  be  made 
on  the  basis  of  a  review  of  the  general  test  results.  Detailed  aspects  of 
the  spectrum  fatigue  coupon  tests  are  discussed  below. 

The  definition  of  the  spectrum  fatigue  coupon  tests  to  be  performed  is 
presented  in  Table  XII.  These  tests  utilize  the  same  coupon  configurations 
as  used  in  the  constant  amplitude  fatigue  tests  and  are  shown  in  Figure  88. 

As  shown  in  Table  XII ,  the  spectrum  fatigue  coupon  tests  are  divided  into 
four  series  which  are  all  possibilities  of  the  basic  mission  spectrum  loading, 
with  and  without  thermal  stress  simulation  and  the  G-A-G  cycle.  As  shown 
in  Table  XIII,  the  inclusion  of  thermal  stresses  in  a  coupon  specimen  is 
simulated  by  means  of  adjusting  the  mean  mechanical  stress  level  by  an  amount 
equal  to  the  desired  thermal  stress.  The  landing  loads  portion  of  the  G-A-G 
cycle  is  introduced  to  the  specimen  by  application  of  a  compressive  load  on  a 
one-per- flight  basis;  the  combination  of  the  .naneuver  and  thermal  loadings 
provide  the  remaining  portion  of  the  G-A-G  cycle. 

In  some  cases,  as  shown  in  Table  XII,  a  complete  range  of  tests  is  not 
proposed  for  all  four  groups;  this  has  been  done  for  cost  reasons  and  it  is 
judged  that  reasonable  conclusions  may  be  drawn  for  the  reduced  scope  of 
Groups  B  and  C  by  review  of  the  related  results  in  Grc- ps  A  and  D.  Also,  for 


cost  reasons,  only  three  stress  levels  are  proposed  for  evaluation;  but  again, 
this  reduction,  supported  by  the  more  complete  range  of  constant  amplitude 
tests,  is  not  expected  to  significantly  reduce  the  value  of  the  program.  As 
with  the  constt  ;  amplitude  tests,  only  three  specimens  are  required  for  a 
single  test  definition,  due  to  the  multiple  stress  concentration  specimen 
design  which  is  expected  to  reduce  test  scatter. 

The  successful  completion  of  these  spectrum  fatigue  coupon  tests  will  pro¬ 
vide  a  check  on  the  similar  critical  section  concept  of  sufficient  merit  to 
indicate  whether  the  more  expensive  and  time  consuming  component  fatigue  tests 
are  warranted.  Additionally,  they  will  provide  needed  fatigue  data  on  the 
relative  importance  of  the  G-A-G  cycle  and  thermal  stresses  on  fatigue  life. 

3.2  Component  Tests  -  The  purpose  of  the  component  tests  is  to  provide 
a  confirmation  of  the  similar  critical  section  concept  as  applied  to  tests  of 
complete  structures.  The  design  of  the  component  specimens  should  be  compatible 
with  structural  requirements  of  the  Mach  3-*+  vehicle.  A  proposed  specimen  con¬ 
figuration  is  shown  in  Figure  89. 

A  test  set-up  should  be  designed  to  simultaneously  heat  and  load  the  ten¬ 
sion  panel  of  the  specimen  to  the  load  specimen  defined  in  Table  XIII.  In  the 
mission  temperature  component  tests,  the  thermal  stresses  will  be  applied  by 
means  of  thermal  gradients.  The  proposed  test  sequence  is  outlined  in  Table 
XII.  These  tests  no  longer  utilize  two  different  stress  concentration  factors 
as  in  the  coupon  tests,  but  instPad  allow  the  structure  to  choose  its  point 
of  failure  initiation  in  a  fashion  similar  to  a  full-scale  complete  vehicle 
struc  ture . 

As  shown  in  Table  XII ,  only  component  fatigue  tests  with  and  without  G-A-G 
cycle  are  proposed  since  the  thermal  stresses  will  be  present  whenever  the 
mission  profile  temperatures  are  applied.  However,  it  is  proposed  that  the 
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Figure  89-  Component  Test  Specimen 


decision  of  whether  to  simulate  the  missing  thermal  stresses  in  the  constant 
temperature,  room  temperature,  and  500°F  tests  await  the  completion  of  the 
Groups  A  and  B  coupon  tests.  A  tentative  conclusion,  based  on  the  results 
of  this  study,  would  be  to  omit  the  thermal  stress  effect  in  the  constant 
temperature  fatigue  tests. 

Confirmation  of  the  similar  critical  section  concept  will  be  obtained 
from  the  component  tests  if  the  location  of  failure  in  the  constant  tempera¬ 
ture  environments  is  the  same  as  the  location  of  failure  which  occurs  in 
the  mission  profile  tests.  It  should  also  be  realized  that  if  the  structure 
has  a  number  of  locations  with  identical  stress  concentrations,  the  location 
of  failure  may  be  random;  also,  in  some  cases,  the  point  of  failure  initiation 
may  not  be  discernible.  In  these  cases,  as  supplemented  by  the  coupon  data, 
equivalent  life  failures  in  any  of  many  identical  stress  concentration  areas 
may  also  be  considered  as  confirmation  of  the  concept  of  similar  critical 
sections.  Such  a  test  substantiation  of  the  similar  critical  section  concept 
provides  confirmation  of  the  selected  approaches  as  described  in  the  first 


part  of  this  section. 


SECTION  X 


REFERENCES  AND  BIBLIOGRAPHY 

l'n  this  section  a  list  of  references  cited  in  the  text  and  a  bibli¬ 
ography  of  data  pertaining  to  the  subject  covered  in  the  study  are  presented. 
A  cross  index  of  bibliography  subjects  is  presented  in  Table  XIV,  in  which 
the  numbers  shown  refer  to  the  bibliography  list  number.  In  Table  XIV,  a 
particular  entry  indicates  -chat  the  corresponding  document  in  the  bibli¬ 
ography  has  data  pertaining  to  both  the  topic  and  approach  of  that  matrix 
position. 
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